W&M ScholarWorks
Dissertations, Theses, and Masters Projects

Theses, Dissertations, & Master Projects

2019

Fecundity of Triploid Eastern Oyster (Crassostrea virginica) as a
Function of Tetraploid Lineage
Kate Ritter
William & Mary - Virginia Institute of Marine Science, ritter@vims.edu

Follow this and additional works at: https://scholarworks.wm.edu/etd
Part of the Genetics Commons

Recommended Citation
Ritter, Kate, "Fecundity of Triploid Eastern Oyster (Crassostrea virginica) as a Function of Tetraploid
Lineage" (2019). Dissertations, Theses, and Masters Projects. Paper 1582642221.
http://dx.doi.org/10.21220/m2-9tyh-qe83

This Thesis is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.

Fecundity of triploid eastern oyster (Crassostrea virginica) as a function of
tetraploid lineage

A Thesis
Presented to

The Faculty of the School of Marine Science
The College of William and Mary in Virginia

In Partial Fulfillment
of the Requirements for the Degree of
Master of Science

by
Kate M. Ritter
August 2019

APPROVAL PAGE

This thesis is submitted in partial fulfillment of
the requirements for the degree of
Master of Science

Kate M. Ritter

Approved by the Committee, August 2019

Standish K. Allen, Ph.D.
Committee Chair / Advisor

Roger L. Mann, Ph.D.

Jeffrey D. Shields, Ph.D.

Jessica Moss Small, Ph.D.

This thesis is dedicated in memory of Matthew Forbes May;
beloved waterman, fellow Hokie fan, and the kind of guy you would want to have
in your corner.

iii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ....................................................................... vii
LIST OF TABLES ................................................................................... viii
LIST OF FIGURES ................................................................................. ix
ABSTRACT ............................................................................................ x
INTRODUCTION .................................................................................... 2
MATERIAL AND METHODS .................................................................. 10
Resources and field sites................................................................... 10
Deployment and husbandry ............................................................... 11
Sampling methodology ...................................................................... 12
Environmental conditions and water samples............................... 13
Flow cytometry ............................................................................. 13
Perkinsus marinus......................................................................... 14
Survival ......................................................................................... 15
Growth .......................................................................................... 16
Female ratio.................................................................................. 19
Fecundity ...................................................................................... 20
RESULTS ............................................................................................... 22
Environmental conditions and water samples............................... 22
Flow cytometry ............................................................................. 23
Perkinsus marinus......................................................................... 24

iv

Survival ......................................................................................... 24
Growth .......................................................................................... 27
Female ratio.................................................................................. 28
Fecundity ...................................................................................... 29
Comparisons ................................................................................ 32
Fecundity vs. Meat Weight ................................................. 32
Survival vs. Fecundity ......................................................... 33
Survival vs. Female Ratio ................................................... 33
Fecundity vs. Female Ratio ................................................ 33

DISCUSSION ......................................................................................... 35
Environmental conditions and water samples............................... 35
Ploidy of Larvae vs. Adults ........................................................... 36
Perkinsus marinus ........................................................................ 37
Growth .......................................................................................... 38
Survival ......................................................................................... 40
Gonad development ..................................................................... 45
Triploid “Non-Females” ....................................................... 45
Female Ratio ...................................................................... 46
Fecundity ............................................................................ 48
Tetraploid Fecundity ........................................................... 53
Comparisons ................................................................................ 54
Fecundity vs. Meat Weight ................................................. 54

v

Survival vs. Fecundity or Female Ratio .............................. 54
APPENDIX ............................................................................................. 87
LITERATURE CITED ............................................................................. 89

vi

ACKNOWLEDGEMENTS
Thank you, Stan, for taking me on as a student and giving me the flexibility
to earn a degree while working. Your skills in scientific writing and presenting are
exceptional, and your expectations are high. As a result, I’ve learned a great
deal and acquired skills that will serve me well, wherever my future lies.
To Roger, I would like to say thank you for your encouragement, and for
teaching your students to remain mindful of the form and function of organisms.
These two attributes will help to keep myself, and many other young scientists,
grounded throughout their careers. Jeff, thank you for your willingness to help
and for taking the time to sit down with me and teach one-on-one. You helped
me feel able to tackle one of the most intimidating parts of this process, and you
did it in a way that made me feel capable and positive. Jess, thank you for
setting an example. You are the best blend of intelligence, practicality,
thoughtfulness, and reliability. It has been wonderful to work with you and to
know that I can rely on you for both scientific and personal direction.
My right-hand-man, Eric Guévélou, thank you for your willingness to help.
You were there every step, you made all the 5a.m. trips and never complained
once. You thought about my research, and how to make it the best it could be,
while juggling your own work at the same time. In addition to Eric, I would like to
say a special thank you to Lauren Gregg and Joana Sousa. You were
trustworthy, hard workers, and each of you insisted on staying to work long hours
with me, even after I sent everyone home for the day. This project would not
have been possible without the steady, conscientious, skilled work of the ABC
staff; Nate Geyerhahn, Kam Kim, Karen Sisler, Amanda Chesler-Poole, Shelley
Katsuki, Jenna Harris, and Paul France, thank you. I was lucky to work on this
project with such wonderful folks!
Thank you to Nandua Oyster Company - Lee-Ann Fick and Matt May. I
am greatly appreciative for your partnership, help, and for the use of your farm.
Thank you to my funding sources, the American Association of University
Women, the International Women’s Fishing Association, and the Beazley
Foundation.
I am also grateful for the ever-present love and support from my family
and fiancé. Mom, Dad, Sam, Lauren, and Blake, I would not have made it this
far without you all in my life.

vii

LIST OF TABLES

1. Broodstock Names and Origins ......................................... 57
2. Sire Sources and Crosses................................................. 58
3. Husbandry and Sampling Schedule .................................. 59
4. Oysters Sampled for Fecundity ......................................... 60
5. Visual Assessment of Water Samples .............................. 61
6. Triploid Percentage in Larvae Cultures ............................. 62
7. Cumulative Survival, Nandua Creek ................................. 63
8. Cumulative Survival, Rappahannock River ....................... 64
9. Growth

.......................................................................... 65

10. Female Ratio ..................................................................... 66
11. Raw Fecundity Data .......................................................... 67
12. Fecundity .......................................................................... 68
13. Tetraploid Fecundity .......................................................... 69

viii

LIST OF FIGURES

1. Site Map

.................................................................. 70

2. Average Daily Temperature .............................................. 71
3. Average Daily Salinity

.................................................. 72

4. Survival Curves, Nandua Creek ........................................ 73
5. Final Survival ..................................................................... 74
6. Survival Curves, Rappahannock River .............................. 75
7. Growth

.......................................................................... 76

8. Female Ratio ..................................................................... 77
9. Fecundity Boxplot, Nandua Creek Families ...................... 78
10. Fecundity Boxplot, Nandua Creek Generations ................ 79
11. Fecundity boxplot, Rappahannock River Families ............ 80
12. Fecundity Boxplot, Rappahannock River Generations ...... 81
13. Fecundity vs. Wet Meat Weight......................................... 82
14. Fecundity vs. Survival ....................................................... 83
15. Female Ratio vs. Survival.................................................. 84
16. Fecundity vs. Female Ratio ............................................... 85
17. Tetraploid Fecundity .......................................................... 86

ix

ABSTRACT PAGE
Rapid growth rate and partial sterility have made triploid eastern oysters
(Crassostrea virginica) the most popular crop variety for the Virginia oyster
aquaculture industry, typically comprising greater than 90% of larvae and juvenile
sales. Triploid advantages, however, sometimes come with the disadvantage of
higher mortality in late spring and early summer, dubbed “triploid mortality.” In
recent years, farms up and down the East Coast, especially Maryland and south
into the Gulf of Mexico have experienced triploid mortality. Some of the reports
include observations of elevated triploid fecundity. Triploid oysters are created by
crossing tetraploids to diploids, and much of the commercial broodstock is
acquired through the Virginia Institute of Marine Science Aquaculture Genetics
and Breeding Technology Center (ABC). Tetraploid oysters are created from
fecund triploid females and propagated favoring the most fertile tetraploids. We
hypothesized that heritable fertility may be transferred to the commercial product,
possibly yielding fertile triploid oysters. To investigate this possibility, twelve halfsibling families were produced by crossing individual tetraploid males with
aliquots from a pooled source of eggs from diploid females. Tetraploid males
came from tetraploid lines bred for one, two, five, or eight generations. Two
replicates of each family were deployed to two sites: a site known for episodes of
triploid mortality on the Eastern Shore of Chesapeake Bay, and at a control site
in the Rappahannock River. Temperature and salinity exhibited typical patterns
at both sites while oysters were raised to market size. When compared to the
control site, cumulative mortality of triploid oysters at the Eastern Shore location
was significantly higher, with significantly lower growth rate and fecundity; the
latter measured by direct egg counts at peak ripeness. Diploid oysters
performed similarly at both sites and exhibited significantly greater fecundity than
triploids. Fecundity differed significantly among several triploid families based
upon paternal lineage, but fecundity did not vary as a function of tetraploid
lineage.

x

Fecundity of triploid eastern oyster (Crassostrea virginica) as a function of
tetraploid lineage
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Introduction
In Virginia, the aquaculture industry for the eastern oyster (Crassostrea
virginica) has gained significant economic strength in recent years and is
currently the largest on the East Coast of the USA. The industry employs
hundreds and represents the fastest growing sector of shellfish aquaculture in
Virginia (Hudson and Murray, 2017) with a 2016 farm gate value of $18.5 million,
representing 40 million oysters sold (Hudson and Murray, 2017).
Part of The Virginia Institute of Marine Science (VIMS), the oyster
breeding program at the Aquaculture Genetics and Breeding Technology Center
(ABC) has played an instrumental role in the growth and success of oyster
culture in the Chesapeake Bay. ABC provides industry hatcheries with diploid
and tetraploid broodstock selected for a number of important commercial traits,
including faster growth, disease resistance to MSX (Haplosporidium nelsoni) and
disease tolerance to dermo (Perkinsus marinus), respectively. Growers can
choose to produce diploid and/or triploid crops, but the latter are significantly
more popular in Chesapeake Bay. So-called “natural triploids” are produced in
hatcheries by crossing the eggs from diploid females with sperm from tetraploid
males, resulting in 100% triploid progeny (Guo et al., 1995).
Triploid oysters are particularly popular in the Chesapeake area compared
to the rest of the world, or even the East Coast of the US (S. Allen, VIMS, pers.
comm.). Up to 94% of aquacultured oysters are triploid (Hudson and Murray,
2017). Benefits of farming triploid oysters include significantly increased growth
(time to reach market size isfrequently under 18 months) compared to diploid
2

oysters (Davis, 1994), better survival to disease pressure, especially where
salinity is greater than 16ppt (Dégremont et al., 2012; Callam et al., 2016), and
increased marketability during the warm weather months due to their
reproductive sterility (Allen and Downing, 1986; Shpigel et al., 1992). US
consumers prefer triploid oysters for their superior texture and flavor year-round,
a trait attributable to retention of glycogen stores and coinciding with relative
sterility (Allen and Downing, 1986; Nell, 2002).
Despite the popularity of triploid oysters by the mid-Atlantic industry,
triploid mortality events have been reported across farms in Chesapeake Bay. In
2014, during late spring, unusually high mortalities were reported on farms
growing triploid C. virginica, with crop losses as high as 85% (K. Hudson, Triploid
Oyster Mortality Forum, 2014; Guévélou et al., 2019). During this period, thirteen
mortality events were reported in six locations with average crop losses greater
than 50% (K. Hudson, Triploid Oyster Mortality Forum, 2014). Meats of moribund
and gaping oysters from affected sites appeared relatively healthy otherwise.
Moribund putative triploid oysters from two locations experiencing unusual
mortality were sent to VIMS for analysis in June 2014. The flow cytometry lab at
ABC confirmed that all oysters in question were triploid stock. The Shellfish
Pathology Laboratory at VIMS found predominantly mild infections of dermo
(Perkinsus marinus) and MSX disease (Haplosporidium nelsoni). Disease
intensities for both parasites were below lethal levels and were commonplace for
the locations and time of year. The Pathology Laboratory did report gill erosion,
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gut pathology, and elevated hemocyte levels in 80%, 32%, and 90% of samples,
respectively (R. Carnegie, Triploid Oyster Mortality Forum, 2014).
The ABC Diagnostics Lab examined sexual development and maturation
in the moribund triploid oysters. Forty-three percent of moribund samples were
female, most possessing significant quantities of eggs, although they were not
enumerated. All other individuals (62%) were of indeterminate sex because no
active sperm or ova were detected. The sex ratio (occurrence of females) and
quantity of eggs in females was considered unusual since prevailing experience
with triploid C. virginica had shown reproductive sterility with only rare
occurrences of females (Peachey and Allen, 2016).
The triploid mortality reported in 2014 was the first widely recognized
episode of triploid loss in C. virginica; however, it was later discovered during the
2014 Triploid Oyster Mortality Forum (hosted at VIMS) that low-level triploid
mortality, sporadically occurring on the order of roughly 20-30%, had been
occurring on farms before 2014. Reports from Virginia industry members have
continued to be received by VIMS since then.
Oyster mortality is widespread in aquaculture. Most examples come from
the congeneric species Crassostrea gigas in which mortality has been linked to
the physiological stress associated with reproduction (Mori et al., 1965;
Koganezawa, 1974; Perdue et al., 1981; Gagnaire et al., 2006). Common
features of mortality events include the following: (1) growing regions are highly
productive or eutrophic, (2) water temperatures exceed 20°C, (3) high condition
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indices are typical in moribund and recently deceased specimens, and (4)
mortalities affect females disproportionately (Perdue et al., 1981). Additionally,
Vibrio spp. have been implicated in some, but not all mortality events (Perdue et
al., 1981). Studies linked increased gonad development with higher mortality in
both wild C. gigas (Mori et al., 1965) and in selectively bred C. gigas families
(Ernande et al., 2004). In diploid C. gigas, carbohydrate and glycogen content –
which are intricately linked to reproduction in oysters – were inversely related to
mortality (Perdue et al., 1981). During examination of cross sections of
reproductively active diploid oysters, Perdue et al. (1981) also showed that the
gonad of oysters increased at the expense of the cross-sectional area occupied
by the digestive tubules, and they suggested absorption efficiency might be
compromised during peak reproductive periods. Other links between mortality
and various stress responses, such as hypoxia, partial or extended spawning,
and immune response to infection, have been hypothesized (Samain et al.,
2007).

Overall, the evidence suggests that oysters are more vulnerable to

mortality during gametogenesis, but how does this relate to triploid oysters that
are usually considered sterile?
The gametogenic cycle of diploid oysters is well established (Kennedy and
Battle, 1964). In fall and winter, the germinal epithelium of diploid oysters is
undifferentiated and dormant (Kennedy and Battle, 1964; Thompson et al.,
1996). In spring and summer, the germinal epithelium proliferates, reproductive
follicles enlarge, and gametes proliferate therein (Thompson et al., 1996). The
process culminates when mature oocytes or spermatozoa are released from
5

follicles and travel through a diffuse network of gonoducts, before being expelled
into surrounding seawater (Kennedy and Battle, 1964). After spawning, atresic
gametes are phagocytized, and by fall, the germinal epithelium returns to a
minimal state (Kennedy and Battle, 1964). Diploid oysters may spawn two to
several times per summer (Thompson et al., 1996; Mann et al., 2014). Oysters
likely remain the same sex within a single spawning season but may change sex
between seasons (Loosanoff, 1942; Bayne 2017).
For triploid oysters, little has been published about gametogenesis in C.
virginica. There are several studies documenting gametogenesis in triploid C.
gigas. Jouaux et al. (2010) examined C. gigas gametogenesis in 24-month-old
diploid and triploid oysters. The researchers found two distinct patterns of triploid
gametogenesis. One pattern, similar to a diploid oyster at sexual maturation,
coined “unlocked,” was characterized by numerous proliferating gonia and
copious production of gametes. Alternatively, “locked” triploid oysters exhibited
patterns of gametogenesis which were both distinct from diploid gametogenesis
and highly variable within the classification. Locked follicles developed with only
a few mature gametes at peak sexual maturity. Occasionally, locked triploid C.
gigas exhibited a wide range of follicle development, reaching a maximum of
50% that of diploids. Locked females were observed more frequently than all
other categories combined. The locked pattern explains why triploid oysters are
considered effectively sterile and have been frequently referred to as such (Allen
and Downing, 1986; Guo and Allen, 1994; Jouaux et al., 2010; Houssin et al.,
2019).
6

Excessive reproductive effort in an otherwise sterile triploid has been
posited as a factor in “triploid mortality” of C. virginica. Fertility in triploid oysters
varies widely. Various studies have found high variation in triploid sexual
maturity. Guo and Allen (1990) found a range of 400,000 – 8,200,000 eggs in
triploid C. gigas, compared to ranges of 34M – 148M eggs found in diploids
(Deslous-Paoli and Heral, 1988), but Gong et al. (2004) estimated an average of
1.1M eggs per triploid female compared to 8.2M eggs per diploid female. For C.
virginica, Peachey and Allen (2016) reported eggs counts in triploid oysters much
lower in C. virginica than those reported in C. gigas, averaging 371,000 (n=90).
The association between mortality and fecundity in triploid C. virginica was first
made by Matt (2018). Gametogenesis was examined in several genetically
distinct groups of triploid oysters, some of which were moribund at the time of
collection (Matt, 2018): moribund triploids tended to be fecund females. Insofar
as triploid oysters are the product of diploids and tetraploids, it is, therefore,
reasonable to ask about the influence of the tetraploid parent on fecundity and,
possibly, subsequent mortality.
Tetraploid oysters are man-made, going through a process from the
natural diploid state to triploid to tetraploid. The founder generation of tetraploids
(F0) specifically are produced by fertilizing the eggs of triploids with sperm from a
diploid and subsequently inhibiting the release of polar body I (Guo et al., 1995).
After the F0 generation, tetraploid oysters can be propagated by 4n x 4n crosses.
When ABC began propagating tetraploid C. virginica in the early 2000s,
the low larval survival, conversion efficiency from larvae to juvenile stage, and
7

low viability of adults made it a challenge to produce sufficient quantities of
tetraploids, even for research purposes. Multiple starter generations were
attempted, eventually culminating in a generic tetraploid line named “GEN.” The
GEN line was put under no selection pressure and was simply propagated from
generation to generation. Fecundity in early generations of tetraploid oysters
was highly variable and keeping sufficient numbers of tetraploids alive to supply
commercial hatcheries was challenging. Through years of propagation, however,
the GEN line has stabilized through domestication, and its performance in the
hatchery has become more predictable. There were also improvements in
facilities and husbandry during this time span (2004 – present) that may have
contributed to its enhanced survival.
It is plausible that domestication of the tetraploid lines via the aquaculture
process may have led to selection for increased fecundity. Tetraploid oysters are
spawned by a process called strip spawning. Prospective broodstock are
shucked and eggs and sperm dissected from the gonad (Allen and Bushek,
1992). In the early generations, eggs were pooled for use, meaning from
females of both low and high fecundity, and low- and high-quality eggs. Through
assortative mating, the most fecund females contributed more offspring to the
next generation. Assuming genetic variance for fecundity, selection for higher
fecundity might be obtained over time. Heritability for fecundity is unlikely in wild
diploid oysters because the trait is under stabilizing selection (Levitan, 1993;
Moran, 2004; Timofeev et al., 2004). In tetraploid oysters, however, all genetic
material has been duplicated, supplying new allelic diversity and possibly
8

unexpected gene expression or neofunctionalization (Comai, 2005).
Neofunctionalization is the process by which a gene acquires a new function
after a gene duplication event, and neofunctionalization could provide new
variance for directional selection. Because of the possibility of selection for high
fecundity, triploid progeny from “high fecundity” tetraploids might also express
high fecundity. Accordingly, tetraploid oysters that have been hatchery bred and
reared for several generations may produce triploids that have higher fecundity
than tetraploids that have gone through fewer generations of domestication. This
is the premise for our study.
The objective of this study was to determine the relationship between the
fecundity of a triploid family and the generation of tetraploid parent from which it
was produced. Tetraploid oysters of F1, F2, F5 or F8 generations were used to
produce triploid half-sibling families. The null hypothesis was that there would be
no significant differences in fecundity among the triploid crosses.

9

Material and Methods
Resources and Field Sites
On July 6, 2016, four lineages of tetraploid oyster broodstock were
spawned to create twelve triploid half-sibling families. All crosses were created
using strip spawning techniques as in Allen and Bushek (1992). The tetraploids
were as follows: first generation (4CLGT), second generation (4VBOY), fifth
generation (4GNL = hybrid of F2 4VBOY x F8 4GEN), and eighth generation
(4GEN) (Table 1). Diploid females used in the triploid crosses came from the
CROSBreed line (XB) (Table 1). Eggs from five females were pooled and
aliquotted into twelve beakers prior to fertilization, with one aliquot per tetraploid
male parent, creating a total of twelve half-sibling families. A diploid control
group was spawned at about the same time from the 2016 hANA line (Table 2).
Triploid half-sibling family names and parental identifications are listed in Table 2.
Hereafter, triploid groups will be referred to as first, second, fifth, or eighth
generation triploid oysters, relative to their tetraploid parent. Larvae were raised
using hatchery practices that included 100% water exchanges Monday,
Wednesday, and Friday, and daily feeding of live microalgae cultures. Larvae
that were competent to metamorphose (“eyed larvae”) were collected
(“harvested”) from batch cultures and placed in down-welling systems before
transferal to the upwelling nursery at Gloucester Point. Juvenile oysters
(hereafter referred to as “seed”) were overwintered sub-tidally using ABC
standard practices (Frank-Lawale et al., 2014) for cages in the York River at
Gloucester Point.
10

Deployment and Husbandry
Seed from all constructs were experimentally deployed in March 2017 to
two commercial sites: 1) the Nandua Oyster Company on Nandua Creek (LAT
37.628134, LONG -75.852785) on the Eastern Shore on March 16, and 2)
adjacent to the Rappahannock River Oyster Company (LAT 37.597418, LONG 76.430485) on March 17 (Figure 1). These sites were chosen for their history of
triploid mortality. Triploid mortality is recurrent in Nandua Creek whereas the
Rappahannock (control) site has been unaffected. At each site, each half-sibling
family was deployed in two replicates stocked at 250 seed oysters each, with the
exceptions of two families (2C and 2D), which were deployed in replicates of 160
and 110 respectively, due to low survival in their hatchery stage.
Oysters were deployed in 3/8” (9.5mm) mesh bags and randomly
assigned slots within seven four-slotted cages at each site. Slots were assigned
using a random number generator. Cages were positioned sub-tidally at both
sites. Husbandry at Nandua Creek and Rappahannock River consisted of visits
to each site in May, July, and October 2017, as well as March and May 2018.
During each site visit, bags were flipped to reduce fouling and returned to their
randomly assigned cage slots. Damaged and worn equipment was repaired or
replaced. In March 2018, bags with more than 200 live oysters were reduced to
200 per bag to avoid overcrowding. An additional “sentinel” bag comprised of all
the half-sibling families, except 2C and 2D, was stocked at each site to allow
periodic sampling for P. marinus infection and gonad condition. The disease
MSX (H. nelsoni) was not considered problematic and hence, not monitored.
11

General Sampling Methodology
Deployment began on March 6, 2017, and the experiment ended June 25,
2017, in Nandua; for Rappahannock – March 23, 2017, to July 9, 2018. Data
loggers recorded temperature and salinity throughout the trial at both sites.
Water samples were collected periodically to monitor for harmful algal blooms
(HABs). Sentinel oysters, comprised of a mixture of the triploid half-sibling
families, were monitored for prevalence and intensity of P. marinus infection.
Mortality was determined by counting individuals in each replicate bag at four
time intervals. Morphometric measurements of height were collected with
Vernier calipers at the beginning and end of the trial. Height was defined as the
maximum distance from the hinge to the bill. Whole weight was determined to
the nearest 0.1 gm.
Estimates of triploid fecundity were needed at peak reproduction. Starting
in spring 2018, gonad condition (hereafter referred to as “ripeness”) was
monitored periodically in sentinel oysters. At peak ripeness, eggs were dissected
from each triploid female (“stripping”) and counted with a light microscope. Wet
meat weight (g) was recorded to adjust the fecundity per gram wet meat weight.
The number of females was recorded relative to all animals shucked to
calculate female ratio. The ploidy of each individual sampled for morphometrics
or egg count was verified by flow cytometry by taking a 4mm x 4mm sample of
gill tissue (see below). Table 3 details the husbandry and sampling schedule,
including the sampling dates and samples types collected.
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Environmental Conditions and Water Samples
Temperature and conductivity data loggers were deployed alongside
oyster cages at each site from March 2017 to June/July 2018. Dataloggers
collected data hourly and were cleaned during each site visit to ensure proper
function. Temperature, salinity, dissolved oxygen, and conductivity were
collected by a hand-held YSITM Pro-series meter on each visit to the sites. YSITM
temperature and conductivity measurements were used to calibrate datalogger
data. Dataloggers were collected at the end of the experiment and data was
extracted and calibrated using HOBOTM shuttle and HOBOware software. Daily
averages for continuous data on temperature and conductivity were computed
using R statistical computing software (R Core Team, 2016). Conductivity was
used to calibrate salinity. Results are shown as average daily temperature and
average daily salinity.
Water samples of 100ml each were collected during each site visit in 2018
(six samples total) using sterile sample bottles provided by the Marine Molecular
Biology laboratory at VIMS. Water samples were collected at the location of the
cages and delivered to the lab for genetic identification and quantification of algal
cells using quantitative PCR. Algal species were quantified as number per
milliliter.

Flow Cytometry
Flow cytometry is a standard method with established techniques used to
verify ploidy in oysters (Chaiton and Allen, 1985; Allen and Bushek, 1992;
13

Peachey and Allen, 2016). All males used in the spawn on July 6, 2016 were
verified as tetraploid oysters. On July 15, 2016 larvae from each cross were
analyzed using flow cytometry to confirm their triploid status.
At the end of the field experiment, a gill sample was collected from every
individual used for morphometric measurement or egg count. Gill samples were
labeled and stored in 4′,6-diamidino-2-phenylindole/dimethyl sulfoxide
(DAPI/DMSO) at -80˚C to stain and preserve the tissues. Sample processing
involved thawing samples, aspirating the gill and DAPI/DMSO mixture and
filtering the supernatant through a 20µm filter before analysis via flow cytometry.
The diploid control group was not analyzed via flow cytometry.

Perkinsus marinus
During the October 2017 site visits, 25 oysters were collected from both
Nandua Creek and Rappahannock River. Each collection was made
haphazardly from the sentinel bag. Oysters were returned to the ABC
Diagnostics Laboratory for dissection and cytological diagnosis of dermo disease
according to procedures described previously (Ray, 1954; Bushek et al., 1994;
Dungan and Bushek, 2015). Each oyster was measured for height, then
shucked. Gill, mantle, and rectum tissues were dissected using sterile
equipment. Specimens were incubated in Ray’s fluid thioglycolate media
(RFTM), in the dark, at room temperature (23°C) for seven days. Samples were
macerated on a glass microscope slide in combination with Lugol’s iodine and
scored for prevalence and weighted prevalence of dermo infection using the
14

Mackin Scale (Bushek et al., 1994). This procedure was repeated at the end of
the experiment, on June 25 and July 9, 2018, for oysters from both deployment
locations. Prevalence (ratio of infected individuals) and weighted prevalence of
infection (average of the Mackin Scale scores) were determined. Student’s ttests were used to compare the lengths of oysters tested as well as the pre- and
post-experiment intensity scores. Unequal sample sizes were accounted for in
the equation.

Survival
Survival was estimated at both sites in October 2017, March 2018, May
2018, and June/July 2018 (Table 3). October 2017 sampling was analyzed to
determine mortality in the first growing season. March 2018 sampling was
analyzed to determine winter mortality. May, June, and July 2018 counts were
used to estimate triploid mortality.
Statistical analysis was performed using R (R Core Team, 2016). The
frequencies of live and dead oysters within each site were compared using a 2x2
contingency table. For examining survival in replicate treatments from half-sibling
families, a 2x26 contingency table with post-hoc Bonferroni correction was used.
Type I, right censoring technique was employed to correct for discarded
overstock which was removed from some replicate bags in October 2017 to
prevent overcrowding. Cumulative survival was assessed by family and
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generation using the log-rank test with the following Kaplan-Meier Product Limit
equation:
𝑆(𝑡) = 𝜋𝑡 (1 − ⅆ𝑡 ∕ 𝑛𝑡 )
where:
𝑆(𝑡) = Survival probability, given in number of days
𝑡 = time from the beginning of the experiment, in days
ⅆ𝑡 ⁄𝑛𝑡 = probability of dying at time ‘t’ conditional to being at risk (alive) at ‘t-1’
time.
Growth
In March 2017, initial height and whole weight were measured on 30
individuals selected haphazardly from each half-sibling family prior to deployment
(Table 3). At the end of the trial, height and whole weight were measured on 40
individuals randomly selected per replicate at the end of the trial. To achieve
random selection of all specimens, oysters were laid in rows, and a die roll
determined which animals would be selected for examination.
Whole weight was collected on the live oyster and included the valves,
body, and the weight of seawater, or mantle liquor, inside the valves. About one
week was required to collect all the data on every replicate at each site. The
oysters sat out of the water during that period and, unfortunately, their valves
gaped, causing loss of water weight. Whole weight data, therefore, were
unusable.
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Height measurements were used to determine final height and growth
among half-sibling families and generations. Mean growth among half-sibling
families was calculated using the following equation:
𝐺ℎ = 𝐻𝑓 − 𝐻𝑖
where:
𝐺ℎ = mean half-sibling family growth (in height)
𝐻𝑓 = final half-sibling replicate height mean
𝐻𝑖 = initial half-sibling family height mean.
Wet meat weight was collected for each female identified during the final
sampling. Dissecting the meat from the valve would inhibit proper stripping of
eggs, so an alternate weighing technique was employed. After a female was
identified via wet mount, mantle liquor was drained and the meat with attached
bottom shell was weighed. After eggs were stripped, the meat was removed
from the half-shell and the shell alone was weighed. Wet meat weights were
used to normalize egg counts to gram wet meat using the following equation:
𝑊𝑚 = 𝑊𝑚𝑠 − 𝑊𝑠
where:
𝑊𝑚 = weight of meat and body (individual)
𝑊𝑚𝑠 = weight of meat and half-shell

17

𝑊𝑠 = weight of half-shell.
Statistical analysis was performed using R (R Core Team, 2016). To
determine if site analyses should be conducted separately or together, Student’s
t-test with two-tails and heteroscedastic design were used to determine if there
was significant difference between overall triploid height at the two sites. Oneway analysis of variance (ANOVA) was chosen for family and generation
analysis because sample sizes were sufficiently large (n≥40), data were normally
distributed, and the experimental design was balanced. The null hypothesis
was 𝐻0 = 𝜇1 = 𝜇2 = 𝜇3 … = 𝜇𝑗 , and 𝐻𝐴 = the means are not equal, with p = 0.05.
The following nested model was used in conjunction with post-hoc analysis with
Bonferroni correction for multiple comparisons:
𝑌𝑖𝑗𝑘 = 𝜇 + 𝜏𝑖 + 𝛽𝑖𝑗 + 𝜖𝑖𝑗𝑘
where:
𝑌𝑖𝑗𝑘 = height observation from ‘i’ individual in ‘j’ treatment group
𝜇 = grand mean height
𝜏𝑖 = effect due to the ⅈ -th level of fixed factor “generation” (1, 2, 5, 8)
𝛽𝑗 = effect due to the 𝑗 -th level of the fixed factor “half-sibling family” (1A, 1B,
2A…) within the ⅈ -th level.
𝜖𝑖𝑗𝑘 = random error.
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Female Ratio
For each randomly sampled oyster, a capillary tube was used to biopsy
the surface of the gonad to create a wet mount to determine if the individual was
female, or non-female. Wet mounts were thoroughly examined, and as little as
one egg qualified an oyster as “female.” If no eggs were seen, the individual was
labeled as “non-female.” Only females were dissected for subsequent fecundity
estimates. Non-females were tallied for determination of the ratio of female to
non-female in each half-sibling family or generation. Statistical analyses were
performed using R (R Core Team, 2016). Chi-square analysis on female ratios
with correction for multiple comparisons were calculated by family and generation
with 𝐻0 = 𝜇1 = 𝜇2 = 𝜇3 … = 𝜇𝑗 , and 𝐻𝐴 = the means are not equal. The following
model for Pearson’s chi-squared test on a contingency table was used in
conjunction with post hoc multiple comparison analysis with Bonferroni
correction:
𝑥2 = ∑

𝑛
𝑖=1

where:
𝑥 2 = Pearson's cumulative test statistic
O = observed frequency of females
E = expected frequency of females.
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(𝑂𝑖 −𝐸𝑖 )2
𝐸𝑖

Fecundity
During May and June 2018, the sentinel oysters were monitored for
ripeness. Fifteen oysters were haphazardly sampled from each site every other
week, shucked, biopsied, and scored for condition and ripeness. Triploid oysters
were expected to reach peak ripeness in mid-June to late-July 2018 as in Matt
(2018), at which point sampling would commence.
When peak ripeness was reached the experiment ended, and all replicate
half-sibling families and controls were collected. For Nandua Creek, oysters
were collected on June 25, 2018; for Rappahannock River – July 9, 2018.
Oysters were returned to the Gloucester Point hatchery for destructive sampling,
which consisted of 25 randomly selected females per replicate (Table 4). If less
than 25 females were available, all females were sampled.
Diploid and triploid oyster fecundity was estimated by stripping the eggs
and counting them. The gonad of each female was lacerated using a scalpel on
both dorsal and ventral sides. Stripped eggs were rinsed into a beaker with
ambient seawater and cleaned by placing them on an 85µm nylon mesh atop a
10µm mesh sieve. Eggs were returned to the beaker. Water in the beakers was
adjusted to 200ml, 400ml, or 800ml using ambient seawater, depending on a
visual assessment of egg number.
While stirring the egg suspension, three 10µl sub-samples were extracted
via micro-pipette and counted on a Sedgwick-Rafter gridded counting chamber
using a light microscope. Whenever possible, samples contained at least 20
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eggs per 10µl, and beaker volumes were adjusted as low as possible to achieve
this standard. Standard deviations greater than ±10 resulted in three additional
egg counts, culminating in no more than six total egg counts per individual. The
minimum detection limit using this egg counting technique was 333 eggs/ml in
suspension. “Low fecundity” females with fewer than 333 eggs/ml were assigned
a count of 166 eggs/ml using the equation n= (333-1)/2, where the difference is
split between 333, the minimum number of eggs in the chamber, and one, the
minimum number of eggs possible. Egg counts were averaged, multiplied by
100 to determine eggs/ml, then multiplied by beaker volume to estimate
fecundity. Meat weight was determined as detailed in Growth above. Fecundity
was divided by meat weight as in the following equation:
𝐹𝑖 = [((𝑐1 + 𝑐2 + 𝑐3 + 𝑐4 + 𝑐5 + 𝑐6 ) ∕ 6) ∗ 100µ𝑙 ∗ 𝑉𝑏] ∕ 𝑊𝑚
where:
𝐹𝑖 = egg density of the individual
𝑐1 , 𝑐2 , 𝑐3 … = counts 1, 2, 3, 4, 5, 6
100µ𝑙 = standard multiplier to quantify number of eggs in 1ml
𝑉𝑏 = beaker volume
𝑊𝑚 = wet meat weight in grams.
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Results

Environmental Conditions and Water Samples
The HOBOTM data loggers malfunctioned at both sites. It was not possible
to retrieve all data from the Nandua Creek data logger, and it was not possible to
retrieve any data from the Rappahannock logger. Limited temperature and
salinity data were collected from Kauffman Aquaculture Center, roughly 750
meters from the Rappahannock field site. The Kauffman Center data were
generally collected once every weekday morning.
During the period of March 2018 through the end of the experiment, the
temperature range was 7.0°C – 33.4°C in Nandua Creek and 9.0°C – 25.7°C in
Rappahannock River (Figure 2). During the same time period, salinity ranged
from 14.6ppt – 19.4ppt in Nandua Creek and 9.4ppt – 16.2ppt in Rappahannock
River (Figure 3). YSI measurements of dissolved oxygen (DO) were collected
during each field visit were used to calibrate logger data and ranged from 5.9 –
13.7 mg/L, far above levels considered detrimental to adult oysters (1.5mg/L)
(Diaz and Rosenburg, 1995).
Water samples from Nandua Creek were collected for visual and qPCR
analysis on the following dates in 2018: May 18, June 1, and June 25.
Potentially harmful algal species were identified in Nandua Creek on all three
visits and included: Prorocentrum minimum (23-68 cells/ml) and Prorocentrum
micans (12 cells/ml), both capable of releasing okadaic acid, Karlodinium
veneficum (12-35 cells/ml) capable of releasing karlotoxin, and Choromocum
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toxicum (<1cell/ml) and Chattonella subsalsa (<1cell/ml) capable of releasing
brevetoxin (Table 5). Other species identified in the water samples included
Pheopolykrikos hartmannii (15-35 cells/ml), ciliates, diatoms, and zooplankton.
Water samples from the Rappahannock River were collected on the
following dates in 2018: May 24, June 7, and July 9. Potentially harmful algal
species were identified in the Rappahannock River on two of the three visits and
included Pseudonitzchia sp. (<1c/ml) capable of releasing domoic acid,
Prorocentrum minimum (68c/ml), and Karlodinium veneficum (20c/ml) (Table 5).
Other species identified in the water samples included Pheopolykrikos hartmannii
(35c/ml), ciliates, diatoms, and zooplankton.

Flow Cytometry
Ploidy of all cultures was estimated during the larval stage and ranged
from 76-92% triploid (Table 6). At the end of the experiment, gill samples were
collected on the first 40 randomly selected individuals per replicate, as well as
any female thereafter.
In Nandua Creek, only 6 out of 3000 triploid oysters from the half-sibling
families were diploid. In the Rappahannock River, 3 out of 3909 were diploid
oysters. There was no difference in the number of unexpected diploid oysters
found between the two sites (Chi-square, p = 0.159).
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Perkinsus marinus
Nandua Creek test subjects had a dermo prevalence of 35% in October
2017 and ended the experiment in June 2018 with 32% prevalence. Mean
weighted prevalence of dermo in Nandua Creek oysters decreased slightly from
0.45 to 0.32 over the course of the experiment, but there was no significant
difference between these two scores (p = 0.487). Rappahannock River
surveillance subjects had dermo prevalence of 44% in October 2017 and 17% in
at the end of the experiment in July 2018. Weighted prevalence of dermo in
oysters at the Rappahannock River decreased significantly from 0.44 to 0.17 (p =
0.039). There was no significant difference between the final weighted
prevalence of dermo between the two sites (p = 0.220).

Survival
Survival of triploid oysters was significantly different between the two field
sites, confirmed by a chi-square test on 2 x 2 contingency table comparing
overall live/dead counts (p < 0.0001). Cumulative survival (± 95% confidence
interval) across all groups in Nandua Creek was 0.572 ± 0.0002, across all
groups in Rappahannock River was 0.711 ± 0.0001, a difference of 13.9%
between sites.
Cumulative survival (±95% confidence interval) was calculated for each
half-sibling family by generation at four intervals in the study at each site. The
intervals represent important periods of assessment.
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March ’17 to October ’17 – first growing season period



October ’17 to March ’18 – overwintering



March ’18 to May ’18 – survival in first half of triploid mortality window



May ’18 to June ’16 – survival in second half of triploid mortality window

Nandua Creek
From March 2017 – October 2017, survival of half-sibling families was
high in Nandua Creek, ranging from 82-96%. There was no apparent trend by
generation. Survival was similarly high in the overwintering period, ranging from
82-95%, with no patterns apparent (Table 7).
Oysters in Nandua Creek experienced the greatest mortality during the
expected period of triploid mortality, March 2018 – June 2018, with about half of
the triploid mortality occurring from March 2018 to May 2018 and the rest from
May 2018 to mid-June 2018 (Table 7). By the end of the study (June 2018),
cumulative survival ranged from 43% to 84% among the triploid families.
Cumulative survival for the control was 61%.
Pairwise comparisons of five generation survival curves yielded significant
differences, with generation 8 exhibiting the lowest mean survival, but not
significantly lower than generation 2, and generation 1 exhibiting the highest
survival, significantly higher than all other generations (Figure 4, Figure 5).
There was no pattern associated with generation.
For oysters in Nandua Creek, multiple pairwise comparisons of all 12 sets
of Kaplan-Meier survival probabilities (plus diploid control) yielded significant
25

differences, with family 8A exhibiting the lowest survival, significantly lower than
any other family, and family 1A exhibiting the highest survival, significantly higher
than any other family (Figure 4). Families 1A, 1B, 5A, and 5B had survival
significantly greater than the control, while families 2B, 2C, and 8A had
significant lower survival.
Rappahannock River
From March 2017 – October 2017, survival of half-sibling families was
high in the Rappahannock River, ranging from 84-96%. There was no apparent
trend by generation (Table 8). Oysters in the Rappahannock River experienced
the greatest mortality over winter, from October 2017 – March 2018. Families
experienced mortality up to 36% during this period (Table 8), but there was no
trend by generation.
Survival was high during both triploid mortality periods, from March 2018 –
July 2018, and by the end of the study cumulative survival ranged from 59-82%.
The replicates impacted by overwinter mortality remained lowest in survival until
the end of the experiment. Survival in the control was the same as in Nandua
Creek, 61% (Table 8). There was no apparent trend by generation.
Pairwise comparisons of the survival probabilities produced by the four
generations of triploid half-sibling families, and the control group, showed
significant differences: the control group had the lowest survival, and generation
1 had the highest survival mean, though it was not statistically different from that
for generation 8 (Figure 6).
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For the Rappahannock site, multiple pairwise comparisons of all 12 sets of
half-sibling Kaplan-Meier survival probabilities (plus diploid control) yielded
significant differences. Family 2A exhibited the lowest mean survival but was not
statistically different from 2D and CON. Family 2C exhibited the greatest mean
survival, but not statistically greater than family 1B (Figure 6). All families had
significantly greater survival than the control except for families 2A and 2D.
Growth
The mean height for all triploid half-sibling families at the beginning of the
trial (March 2017) was 32.8 ± 7.6mm, that for the diploid controls was 38.6 ±
6.7mm (Appendix 1). Final height data (June/July 2018) were considered
separately by site because Student’s t-test with two-tails and heteroscedastic
design showed significant difference between overall triploid oyster height in
Nandua Creek vs. Rappahannock River (p < .0001). Student’s t-test showed that
final height for triploid oysters in Nandua Creek was significantly greater than
diploids, despite the diploids (spawned separately) beginning the trial with
greater height. The same comparison yielded no significant difference for the
Rappahannock River.
In Nandua Creek, triploid oysters grew from 32.8 ± 7.6mm to 77.1 ±
10.9mm (total of 44.3 ± 13.3mm) while diploid oysters grew from 38.6 ± 6.7mm to
70.2 ± 8.9mm (total of 31.6 ± 11.1mm). In the Rappahannock River, triploid
families grew from 32.8mm to 83.8 ± 12.1mm (total of 51.0 ± 14.3mm) whereas
diploids grew from 38.6mm to 82.6 ± 9.6mm (total of 44.0 ±11.7mm) (Table 9,
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Figure 7). Appendix 1 shows mean final height for each family ± standard
deviation.
Eighth-generation triploid oysters tended to grow the most at both sites,
but their growth rate was not significantly greater from that of some other
generations. At both sites, the eighth generation oysters grew more than only
the second generation triploids by a statistically significant margin (Table 9,
Figure 7). Within each generation, families tended to rank the same for growth at
both sites (Table 9).

Female ratio
Triploid oysters grown in the Rappahannock River had a greater
percentage of females (31%) than those grown in Nandua Creek (7%). The
female ratios were not pooled by site due to significant differences in the ratio of
triploid females between sites (p < .0001).
Female ratio differed between triploid and diploid oysters at both sites. For
Nandua Creek, the ratio of females was 145/1867, or 0.071 ± 0.0003 in triploids,
and 49/150, or 0.327 ± 0.006 in diploids. There was a significantly higher
proportion of diploid females (p < .0001) (Table 10, Figure 8). For the
Rappahannock River, the ratio of females is diploid oysters was also higher than
in triploids. Across all triploid families, 582/1867 were female (0.312 ± 0.0005),
and for the diploid control – 52/88, or 0.591 ± 0.011 (p < .0001) (Table 10, Figure
8).
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Fifth generation triploid oysters had the lowest percentage of females at
both sites. The fifth generation in Nandua Creek was not statistically different
from the second generation however, and the fifth generation at Rappahannock
River, where there was far greater reproductive development, was not
statistically less than the second or eighth generations. There was no pattern in
female ratio according to generation (Table 10, Figure 8).

Fecundity
Based on previous research, the period of peak ripeness was expected
between mid-June to late July. To confirm this, fifteen sentinel oysters from both
sites were sacrificed weekly to bi-monthly and checked for sex determination,
ripeness, and meat condition. Metrics varied little in the triploid oysters sampled
as the reproductive season approached. The principal determinant for the onset
of sampling was the reduction in meat condition in Nandua Creek.
Mean fecundities and standard deviations for half-sibling family and
generation are reported for the Rappahannock River and Nandua Creek (Table
12). Fecundities were non-normally distributed and warranted log-transformation
using the natural logarithm before any statistical tests could be performed.
Bartlett’s test showed variances between the two sites were similar. Triploid
oyster fecundity was higher in the Rappahannock River than in Nandua Creek
according to Student’s t-test (p < .0001), so sites were assessed separately. At
Nandua Creek, due to low sample sizes, unbalanced design, and unequal
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variances between families, only mean fecundity and standard deviation were
reported. There was significant overlap between 95% confidence intervals, and
no further statistical analysis was performed (Table 12).
After transformation, replicate variances were unequal for oysters in the
Rappahannock River and design was unbalanced, however, sample sizes were
larger (Table 4). There was no interaction effect between family and site or
generation and site. Use of nested linear model was employed, but with
Satterthwaite’s correction for unequal variances (Satterthwaite, 1946). The Type
II linear model was used due to unbalanced design and differences in sample
sizes in each replicate: a minimum of 12, but most n = 20-30. A Tukey post-hoc
comparison showed replicates from half-sibling families 5B and 8A could not be
combined for statistical reasons; however, all replicate data were combined due
to their genetic relationship. The same technique showed that all families could
reasonably be combined into their respective generations, for statistical reasons.
After justification of replicate combination, data were described with a
nested linear model, type II SS, with Satterthwaite correction and least squares
means comparison to determine differences in fecundity by the fixed factors
family or generation with 𝐻0 = 𝜇1 = 𝜇2 = 𝜇3 … = 𝜇𝑗 , 𝐻𝐴 = the means are not equal,
with p = 0.05. The following nested linear model equation was adapted for
unbalanced design:
𝑌𝑖𝑗𝑘 = 𝜇 + 𝜏𝑖 + 𝛽𝑖𝑗 + 𝜖𝑖𝑗𝑘
where:
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𝑌𝑖𝑗𝑘 = observation from ‘i’ individual in ‘j’ treatment group
𝜇 = grand mean fecundity
𝜏𝑖 = effect due to the ⅈ -th level of fixed factor “generation” (1, 2, 5, 8)
𝛽𝑗 = effect due to the 𝑗 -th level of the fixed factor “half-sibling family” (1A, 1B,
2A…) within the ⅈ -th level.
𝜖𝑖𝑗𝑘 = random error.
These analyses yielded significant effects due to half-sibling family or generation
and site in the Rappahannock River (p < .0001 in both cases).
Fecundity in diploid oysters was significantly higher than triploids at both
sites (p < 0.001). For Nandua Creek, diploid oysters averaged 1,798,000
eggs/female and triploids – 40,500 eggs/ female. Diploid oysters had 244,000
eggs/g and triploids averaged 6,290 eggs/g when standardized by meat weight.
For Rappahannock River, diploid oysters averaged 1,973,000 eggs/female and
triploid – 325,000 eggs/ female. Diploid oysters averaged 234,000 eggs/g and
triploids averaged 30,000 eggs/g. In the case of all but two families, fecundity
was greater in the Rappahannock River than Nandua Creek. There was also a
difference in the frequency of low fecundity triploid females (egg count, half of the
minimum value, 166) between the sites. In Nandua Creek, there were 41/191
(21%) low fecundity females and 79/634 (12%) in the Rappahannock River. Raw
egg counts are summarized in Table 11.
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In Nandua Creek, three second generation half-sibling families (2A, 2C,
2D) had greater mean fecundity than all other triploid families. The overall
fecundity at the site was so low, however, that it was not possible to test if these
families were significantly more fecund than any other triploid family. Only the
fecundity of the diploid control was significantly greater than the half-sibling
families (p < .0001). Families with the lowest fecundity were from a mixture of
generations (5C, 8B, 1B).
In the Rappahannock River, two second generation half-sibling families
(2B, 2D) had greater fecundity than all other triploid families. As with Nandua
Creek, half-sibling families 8B and 5C also exhibited the lower mean fecundity in
the Rappahannock River, but not significantly lower than several other families.

Comparisons
Fecundity vs. wet meat weight
To determine if fecundity was related to body size among oysters of the
same age, fecundities (log transformed) were compared to wet weight in diploid
(both sites combined) and triploid oysters (all families combined, sites separate).
Analysis of co-variance (ANCOVA) showed no significant difference in diploid or
triploid slope of regression between sites; however, for triploids the y-intercepts
were significantly different.
Fecundities of triploid oysters were not significantly correlated with wet
meat weight. For Nandua Creek triploids, r = -0.012, p = 0.918, df = 144, Figure
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13. For Rappahannock River triploids, r = 0.067, p = 0.149, df = 581, Figure 13.
Egg counts from diploid oysters were positively correlated with wet meat weight
(r= 0.354, p < 0.001, df = 92, Figure 13).
Survival vs. fecundity
The mean log fecundity was negatively correlated to the mean survival for
each triploid replicate as above using Pearson’s correlation. Due to significant
site influence, sites were considered separately. The correlation of survival to
fecundity for triploid oysters in Nandua Creek was -0.292 (p = 0.166, df = 22) and
in the Rappahannock River it was -0.106 (p = 0.623, df = 22) (Figure 14).
Survival vs. female ratio
Previous work emphasized a positive, though not statistically significant,
trend between female ratio and mortality (Matt, 2018). For triploids only, the
female ratio was compared to the mean survival for each replicate using the
Pearson correlation coefficient equation as above. The correlation coefficients
were -0.395 (p = 0.056, df = 22) in Nandua Creek, and 0.328 (p = 0.118. df = 22)
in Rappahannock River (Figure 15), showing opposing trends.
Fecundity vs. female ratio
A correlation was calculated comparing female ratio and fecundity to
determine if the replicates with the most females also exhibited the greatest
fecundity. Sites were considered separately.
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Using Pearson’s correlation coefficient equation, the log fecundity for each
half-sibling family was compared to that female ratio of each family. The
correlation coefficient was -0.061 (p = 0.778) for Nandua Creek, and -0.255 in the
Rappahannock River (p = 0.230) (Figure 16).
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Discussion

Environmental Conditions and Water Samples
The half-sibling triploid families and diploid controls were deployed to two
industry grow out sites that are highly productive, but not identical. Environmental
data from Nandua Creek and Rappahannock River were limited, but
temperature, salinity, or harmful algal species alone were unlikely to have caused
significant differences in survival, growth, female ratio, or fecundity between the
two sites.

Temperatures were similar at both sites, though slightly higher (>30°C) in
Nandua Creek towards the end of the trial, but this lasted for only one week.
Cheney (2000) noted higher water temperatures in conjunction with triploid
mortality of C. gigas but stated that the higher water temperature alone was not
lethal. Heavy rains during the late spring and early summer of 2018 caused
salinity in the Rappahannock River to decrease from 16.6ppt to 8.7ppt, but given
the gradual change and wide salinity tolerance of oysters (Butler, 1952; Breuer,
1962), this fluctuation was an insignificant stressor, particularly considering the
better growth and survival of oysters in that location. Several potentially harmful
algal species were identified in Nandua Creek all three times water samples were
collected, and for two of three samples collected at the Rappahannock River.
None of the species occurred in quantities greater than 68 cells per milliliter.
Harmful blooms capable of significantly decreasing dissolved O2, releasing toxins
into the water, or clogging oysters’ filtering mechanisms, typically occur on the
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order of thousands of cells per milliliter and detrimentally affect larvae and
juvenile C. virginica (Luckenbach et al., 1993; Pease, 2016).

Ploidy of Larvae vs. Adults
Ploidy was validated for larval cultures and for all oysters that were
sampled as adults. The frequency of diploid oysters among the triploids
decreased from 8-24% as larvae to 0-0.5% as adults. The most plausible
explanation for the difference in ploidy from beginning to end of the study is an
error in spawning. Extraordinary care is exercised in creating triploid oysters in
the hatchery, but on occasion, low level hermaphrodites occur among diploid
females. It is plausible that one of the diploid females used in the spawn for
triploid half-sibling families was a hermaphrodite. This would have caused the
pool of eggs that were used to make the triploid half-sib families to produce some
diploid embryos, along with the triploid ones that resulted from the addition of
tetraploid sperm.
Selective sieving of larvae during culture may account for the loss of
contamination in adult triploid groups. No ploidy analysis was done between early
larvae and adult stages, so this remains speculation. However, as larvae grow,
diploid larvae are generally smaller than triploids, and in fact have a different size
when competent to metamorphose (“eyed larvae stage”) (Guo et al., 1995; ABC
unpublished data). Eyed larvae are generally screened with the largest sieve size
possible (Matt and Allen, 2014). For example, ABC routinely collects (“harvests”)
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competent to metamorphose triploid eyed larvae on a 250 micron sieve and
diploid larvae on a 212 micron sieve, so loss of diploid larvae most likely
occurred during the harvest of eyed larvae.

Perkinsus marinus
Perkinsus marinus is a major pathogen infecting oysters in the mid and
lower Chesapeake Bay. The pathogen can have detrimental effects on C.
virginica survival (Paynter and Burreson, 1991) and can alter gametogenesis
(Kennedy et al., 1995; Dittman et al., 2001), and potentially sex ratio (Cox and
Mann, 1992). Survival, fecundity, and sex ratio were not significantly affected by
dermo in this study. Proliferation of P. marinus occurs in warm water with salinity
above 10ppt (Krantz and Joran, 1996), and rapid proliferation of the parasite
occurs in water temperatures sustained above 20-25°C (Chu and La Peyre,
1993). The annual cycle of P. marinus proliferation, however, climaxes in late
fall, coinciding with peak mortalities due to the disease. Choi et al. (1994)
examined the effects of dermo on Gulf Coast C. virginica and observed that
gamete development in fall was retarded due to the disease, but spring
development was unaffected. In addition, ABC diploid lines, such as the XB
(CROSBreed) line used as dams for the triploid families, and the hANA line used
to create the diploid control, were intentionally bred for dermo disease resistance.
The hANA line has been field tested and shows enhanced disease resistance
compared to lines from other breeding programs (Proestou et al., 2016).
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The weighted prevalence score is equal to the average of all Makin scale
scores within a group. The prevalence of P. marinus in the Nandua oysters was
0.32, and the prevalence in Rappahannock oysters was 0.44. A weighted
prevalence score of 1 is considered “light’ infection intensity in the population,
which may produce negative impacts on the overall health of oysters, while a
score of 3 is “moderate” and significant enough to cause health issues resulting
in mortality (Bushek et al., 1994). When Dittman et al. (1991) observed the
negative effects of dermo on C. virginica gametogenesis, they calculated
weighted prevalence scores no lower than 0.60. Thus, the prevalence scores
observed during this trial represented subpatent P. marinus infection intensities
which were unlikely to result in significant mortality.

Growth
Triploid oysters outgrew diploid oysters at both sites but more so at
Nandua Creek. At the Nandua site, the triploid oysters outgrew diploids by an
average of 12.7mm. At the Rappahannock site, the triploid oysters grew an
average of 7.0mm more. Several other studies on C. virginica have shown this
same result with triploid oysters having a growth advantage across sites
(Dégremont et al., 2012; Callam, 2013).
Overall, the Rappahannock site was a better grow out environment during
this study. All 12 triploid families grew more at the Rappahannock site than did
their counterpart in Nandua Creek, though not always by a significant margin. In
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the present study, as well as others, site played an important role in the degree
to which a growth advantage was seen in oysters (Dégremont et al., 2012;
Callam, 2013; Proestou et al., 2016; Wadsworth et al., 2019). For example,
Dégremont et al. (2012) measured growth of triploid oysters at three sites in
Chesapeake Bay and found that the triploid oysters at the site with highest
salinity grew 8-16mm more than triploids at the other two sites. Similarly, when
comparisons were made between diploid oysters, Mallet and Haley (1983) found
that one population grew 21mm more at one of two sites tested.
There was an apparent lack of interaction between environment and
genotype among the triploid groups revealed by the similarities in performance
across sites. For example, between crosses using generation 1 tetraploids, 1A
and 1B ranked the same at both sites (see Table 9). The ranks were remarkably
similar for the other three generations as well. Interactions between environment
and genotype occur when two or more genotypes respond to environmental
variation in different ways, and other researches have observed this to varying
degrees pertaining to oyster height. When Proestou et al. (2016) examined
growth in selectively bred diploid lines, they found that growth trajectories among
lines were similar within a site but varied greatly across sites. One selectively
bred line always had the least shell height but varied by more than 20mm
according to site (Proestou at al., 2016). Callam et al. (2016) compared height in
four triploid groups at three sites and found that, while one group showed the
least growth at every site, the other three triploid groups varied in rank according
to site.
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Another clear pattern exhibited in the growth data was the trend in growth
across the generations of tetraploid parent, most notably at the Rappahannock
site where growing conditions apparently were more favorable. Triploid families
created from first generation tetraploid oysters grew more slowly than triploid
families from eighth generation tetraploid males. In fact, progeny from tetraploid
generations 1, 2, 5, and 8 ranked 4, 3, 2, and 1, respectively in growth. These
results may be attributable to the process of domestication of the tetraploid brood
stock. Although tetraploid oysters have not been purposely bred for enhanced
growth, it is possible that over the generations, the larger tetraploids were used in
the spawning process, resulting in domestication selection.

Survival
There were notable differences in survival between the two sites
depending on the time interval. For the first interval (March 2017- October 2017),
oyster survival in the first season of deployment was high across all constructs at
both sites.
For the overwinter interval (October 2017-March 2018), mortality was low
across all crosses in Nandua Creek. In general, mortality over the winter is low
because diseases do not proliferate, and because oysters became somewhat
dormant (little feeding or growth, slow metabolism) in water temperatures below
10°C (Levinton and Doall, 2019). At the Rappahannock site, some mortality
apparently resulted from a combination of harsh winter conditions in the first
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week of January 2018 and the method of deployment. Oyster cages were
deployed subtidally when freezing temperatures and ice formation during winddriven low tides may have stressed the oysters. Consequently, the families that
experienced the greatest overwinter losses retained the lowest survival rankings
at the end of the trial.
In the first time period for triploid mortality (March 2018 – May 2018), there
was only minor mortality in Rappahannock and no clear trend in triploid survival
probability attributable to the generation of the tetraploid parent. Meanwhile,
triploid mortality was clearly observed in this period for Nandua Creek, while the
Nandua diploid control replicates lost no more than 4% during that same period.
For the fourth time increment, also part of the triploid mortality window,
several triploid families again performed poorly in Nandua Creek, in some cases
losing more than half of the individuals in a replicate. Diploid control mortality
was 29%. The modest mortality of diploid oysters in Nandua Creek was likely
attributable to stress from gametogenesis, coupled with suboptimal water quality
conditions in Nandua Creek.
Multiple comparisons of each generation’s cumulative survival data at the
Nandua site yielded the same trend, with generation 1 having the highest
cumulative survival, significantly greater than all other generations. Generation 1
replicates in the Rappahannock River also performed well, though there was less
diversity in survival performance at that site. Generation 1 performance, in
conjunction with recurring representatives from both second and eighth
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generations amongst the lowest surviving replicates, suggests no evidence for a
generation component attributable to a trend in survival. Because the triploid
family survival rankings (See Table 7 and Table 8) were different at the two sites,
unlike growth performance (Table 9), there is evidence for an interaction between
genotype and environment for the trait of survival. When overwinter mortality at
Rappahannock River is factored out, the evidence for interaction between
genotype and environment holds.
Previous evidence has shown that triploid oysters have better survival
than selectively bred diploid oysters in moderate salinity environments but not in
low salinity environments (Callam, 2013; Callam et al., 2016). Polyploid oysters
may exhibit improved performance due to partial sterility (Davis, 1994), increased
allelic variation (Hawkins et al., 2000), or gene dosage effects (Comai, 2005).
This study paralleled the results that Callam (2013) found when comparing
diploid and triploid oysters. In both studies, triploid oysters exhibited greater
survival than diploid oysters when conditions were less stressful. In contrast,
Callam (2013) found that diploid and triploid oysters performed about the same
when conditions were suboptimal. In this study, some triploid families in Nandua
Creek had higher survival than the diploids, others were similar to the diploids,
and some had lower survival. Environment is a key factor in determining the
triploid survival advantage, but clearly this paradigm may not hold true when
factors associated with triploid mortality are present, such as in Nandua Creek.
Size and harvest schedule may be important factors in mitigating triploid
mortality. Triploid mortality occurs in the second growing season, when oysters
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tend to be at or near market size. It should be noted that the triploid oysters in
this experiment were approximately 23 months of age at the end of the
experiment and experienced the most mortality in Nandua Creek at age 20-22
months. Triploid oysters in the Rappahannock were larger than market size
before the end of this experiment, averaging 83.8mm at the final sampling period.
For Nandua Creek, oysters were just reaching market size as the trial ended.
Choosing an optimal site and optimizing growing and harvest schedules (i.e.
planting oyster seed early in the first growing season) may help to limit the
prevalence of triploid mortality events.
The exact cause of triploid C. virginica mortality is still unknown, despite
previous studies. Various crosses of commercial triploid oysters appear equally
susceptible (Guévélou et al., 2019). The zoogeographic range of C. virginica is
far reaching, hence climate adapted, physiologically different races of oysters
exist within the species (Loosanoff, 1951; Reeb and Avise, 1989). When Matt
(2018) examined mortality of triploid crosses with respect to parental stock from
Maine, Virginia, and Louisiana, he found the geographic origin of the broodstock
was inconsequential relative to triploid mortality susceptibility. Typical handling
stress (tumbling, sorting) and desiccation do not appear to be primary factors
causing triploid mortality either (Bodenstein, 2019). Finally, the present study
has begun to examine the relationship between fecundity and triploid mortality.
There are likely multiple compounding factors that lead to triploid mortality,
but each previous study, including this one, has implicated environmental/site
factors as key elements in determining mortality events. Bodenstein (2019)
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observed elevated turbidity and slower flow at the site where her triploid oysters
suffered slowest growth and highest mortality. Compared to diploid C. virginica,
the triploid phenotype may possess an altered physiology that is less tolerant
than diploids of higher levels of suspended organic particles or plankton. This
study also made qualitative observations of elevated turbidity and slower flow at
Nandua Creek. That is, environmental conditions with higher amounts of
suspended organic particles may lead to decreased feeding efficiency, less
immediately available energy, or altered metabolism in triploid oysters. Other
researchers have observed physiological differences between diploid and triploid
oysters which may be enhanced due to environmental factors. For example,
Kesarcodi-Watson et al. (2001) observed that triploid Saccostrea commercialis
had reduced clearance rates and lower absorbed energy as food concentration
increased. Diploid oysters were observed simultaneously and were not
negatively impacted. When shifting metabolic strategy; from converting
phytoplankton to utilizing glycogen stores for energy, triploid oysters may be
susceptible to secondary or stochastic environmental hardships. In prolonged
scenarios of high suspended organic material, triploid oysters would utilize stores
of glycogen, and concurrent gametogenesis could be slowed, arrested, or
altered. This relationship between starvation and altered gametogenesis has
been documented in diploid oysters (Liu et al., 2010), but in diploids it would
occur due to decreased suspended organic particles. Triploid oysters in Nandua
Creek grew less, were less fecund, lost meat condition faster, and suffered
triploid mortality, suggesting they may have been in a prolonged state of low
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feeding efficiency. Alternatively, triploid oysters in an optimal environment may
ripen, but likewise become vulnerable to other environmental stressors during a
sudden increase in suspended organic particles.

Gonad development
Triploid “non-female” oysters
This study ignored male oysters, or more correctly, non-female oysters.
Any oyster not identified as female during the biopsy was categorized as “nonfemale” because of the lack of identifiable male gamete cells, specifically motile
sperm. In fact, triploid males are readily identifiable via histology (e.g., Matt,
2018) because of the characteristic development of gonial cells into
spermatocytes. However, most frequently, such developing triploid males are
sterile and fail to differentiate spermatocytes into spermatozoa or active sperm
(Cox et al., 1996; Matt, 2018). As a result, those triploid males would be
described in a biopsy as “non-female.” It is therefore impossible to estimate the
female to male ratio. It is only possible to say how many “non-females” had
active sperm, as judged by notes taken during the sex identification process.
From the Nandua site, there were only 16/2046 (0.8%) with active sperm and
from the Rappahannock site – 11/150 (7.3%).
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Female ratio
Unlike males, females can readily be determined in biopsy wet mounts.
But for the same reasons that males are underestimated, the number of triploid
females could also be underestimated. Like males, triploid females can exhibit
clear signs of developing as a female, without the appearance of ova, as
evidenced by histology. With a wet mount, these females would be labeled “nonfemale.” More often with triploid females, follicles develop one or two ova only –
clearly female under histology, but with too few eggs to detect easily by biopsy
(Allen and Downing, 1986; Jouaux et al., 2010), and for most purposes these
animals would be considered sterile. Some of these cryptic females were likely
detected in this study (i.e., egg counts below the detection limits of the chamber),
but many more were likely labelled as “non-female.” Clearly, cryptic sex was not
problematic in the sex determination process for diploid oysters, and accordingly,
the sex ratio of females was much higher at both sites.
Although triploid females were sparse in Nandua Creek, this was not the
case with triploid oysters in the Rappahannock River. There were considerable
numbers of females detected in the half-sibling families, and previous studies
have emphasized the potential for gonad development in supposedly sterile
triploid oysters (Normand et al., 2008; Normand et al., 2009).
No clear pattern of female ratio existed in the half-sibling triploid families at
either site. Females were so rare in Nandua Creek that there was little difference
in the proportion of females found in any group. At the Rappahannock site, there
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was no pattern in female ratio, but there was a wide range of females found
among the different families (14-52%).
The mechanisms that determine sex in protandric diploid oysters are not
entirely understood, and even less is known about how triploidy may further alter
sex determination. Mature diploid oysters are roughly half female, and biomass
is often female dominated (Powell et al., 2012). Sex ratio is partially determined
by individual age, with males dominating juvenile populations and females
becoming more prevalent through time with increased size (Loosanoff, 1942;
Harding et al., 2013). Proximity to other oysters also influences sex ratio,
perhaps due to pheromone cues or other compounds released into the water
column (Kennedy, 1983). Quayle (1988) observed that males of C. gigas were
more common in poor food environments, and females were more common in
favorable ones. Coe (1932) observed that females may have higher metabolic
needs and require more nutritive environments. Studies of other oyster species
have further demonstrated that poor fitness of the oyster, through stress or
disease, can lead to suppression of gametogenesis (Ford and Figueras, 1988;
Chávez-Villalba et al., 2011).
The genetic mechanism of sex determination may be equally labile in
triploid oysters. In diploid C. gigas, it has been hypothesized that there are
significant paternal effects which determine the sex of offspring via a single-locus
model with a dominant male allele (Guo et al., 1998; Powell et al., 2011). It
would be interesting to know if or how a third allele possessed by triploid oysters
would affect this two-allele paradigm.
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Fecundity
The principal goal of this study was to determine the fecundity of distinct
genetic groups of triploid oysters, using a diploid as a control. As expected, the
diploid oysters were more fecund than the triploids at both sites. Most fecundity
estimates in the literature are not adjusted according to the size of the oyster.
Fecundity of females reported in the literature have wide ranges: 15-115 million
eggs/female (Galtsoff, 1930; Bayne, 2017b); 10-20 million with occasional
animals much higher (Galtsoff, 1964); or 1-120 million eggs/female (Mann et al.,
2014). The most fecund diploid female in the present study produced 35M eggs,
and the most fecund triploid female produced 12.9M eggs. Respectively, diploid
and triploid oysters produced an average of 1.89M and 86,800 eggs/female.
Comparisons of fecundity between diploid and triploid oysters have
previously been made in C. gigas. Guo and Allen (1994) estimated diploid C.
gigas fecundity at 50M eggs/female and triploid fecundity at 2.3M eggs/female
(maximum of 21.5M eggs). When comparing diploid and triploid C. gigas, Jeung
et al. (2016) found an average of 9M eggs/diploid female and 2.3M eggs/triploid
female. These, and the present findings, support reports that triploid C. gigas
exhibit no more than half the gamete production or gonad occupation of diploid
females (Normand et al., 2009; Jouaux et al., 2010). It is difficult to compare
reports of absolute fecundity among reports when egg estimates are not
standardized by tissue weight or by oyster size (Thompson et al., 1996).
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Triploid fecundity was highly variable. Although most female triploid
oysters were effectively sterile, a small percentage were fecund, ranging from
<166 eggs/g to 1.28M eggs/g with a standard deviation greater than four times
the mean. Peachey and Allen (2016) examined triploid C. virginica that were
conditioned together and found instances of 200K eggs in 10 pooled females
(average 20K each) while other individual females produced up to 4.4M eggs.
Large variation was also seen in a triploid C. gigas reproduction study where the
percentage of tubules in female gonads varied from 0% to over 50% (Jouaux et
al., 2010). Guo and Allen (1994) recorded triploid fecundity of C. gigas from
19,000 – 21,500,000 eggs/female among just 19 animals.
Triploid fecundity differed significantly according to site. There were
significantly fewer triploid females detected at the Nandua site, and the Nandua
females also produced fewer eggs than the Rappahannock females - 6,300
eggs/g vs. 30,000 eggs/g, respectively. Meanwhile, diploid females produced
about the same number of eggs per gram at both sites. Some trends were
observed. At both sites, the most fecund triploid oysters were from second
generation families, and 8B had the lowest fecundity at both sites. The families
in the Rappahannock River could only be statistically divided into four groups,
and the groups did not show any further family pattern (Figure 11). At Nandua
Creek, the observations of triploid fecundity were few, unbalanced, and nonnormal, so statistical tests among families were not performed.
In the Rappahannock River, first and second generation triploid oysters
tended to be more fecund than fifth and eighth generations (Figure 12).
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According to our hypothesis, if multiple generations of hatchery breeding caused
an increased expression of fecundity in triploid oysters, then the first and second
generation families would have exhibited lower fecundity than the fifth and eighth
generation families, but this was not the case.
Possibly, there is no propensity for tetraploid oysters to gain fecundity over
generations of domestication. Alternatively, the genetic effect of increased
fecundity in triploid oysters is only present in the initial tetraploid generations. For
example, the F0 tetraploid oyster is created from an exceptionally fertile triploid
oyster. Genes that allow for increased expression of gametogenesis in the
founder triploid oysters may be transferred to chemically-induced tetraploid
offspring, then transmitted to the F1 triploids produced by mating chemical
tetraploids to diploid oysters. This could explain why more eggs were seen in the
half-sibling families from lower generation tetraploid parents.
The generation of the tetraploid parent did not play a significant role in
increasing the fecundity of its triploid offspring, but evidence indicated that some
genetic control governed the fecundity of triploid females. Observations of
gametogenesis in triploid genetic groups at multiple sites are not well
documented; however, previous research on diploid oysters has indicated the
strong effect genotype can have on reproductive traits. For example, Barber et
al. (1991) took oyster stocks native to Long Island Sound and Delaware Bay and
examined both during one reproductive season in Delaware Bay. The two stocks
exhibited significantly different gonad areas and reproductive patterns based on
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their origination site, and the pattern continued for as long as the Long Island line
was kept inbred (Barber et al., 1991).
Environmental conditions at the culture site played a critical role in the
expression of fecundity for triploid oysters. Evidence suggesting the important
role of site was also seen by Matt (2018) when comparing diploid and triploid
genetic groups in Nandua Creek and Rappahannock River. A distinct
spatiotemporal influence on diploid oysters was observed as they initiated and
progressed through gametogenic stages earlier in Nandua Creek than in the
Rappahannock River. The same trend was presumed in triploid oysters but was
more difficult to ascertain due to abnormalities in the triploid gonad (Matt, 2018).
Together, both this study and that of the Matt (2018) study show that culture site
has important influence on gametogenesis. The former shows site influencing
timing of gametogenesis, particularly in diploid oysters, and the latter shows the
site effect on fecundity, particularly in triploid oysters. A difference in fecundity
according to site was also reported in diploid C. gigas when oysters from a single
population showed a 33% difference in reproductive investment based on their
deployment site (Enríquez-Diaz et al., 2009).
Evidence in this study supports genotype by environment interaction for
fecundity but not growth. That is, there were significant differences in fecundity
by family, but the families performed differently at the two sites. Alternatively,
there were significant differences in growth by family, but families ranked
remarkably similar at both sites. Ernande et al. (2004) measured reproductive
effort (RE) of diploid families exposed to different food and environmental
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conditions. RE was calculated by estimating the histological cross-section area
comprised of gonad versus somatic tissue. Some of the families exhibited
significantly greater RE, suggesting a genotype effect. Additionally, families
exhibited variable plasticity of RE, being more or less able to compensate for
changing environmental conditions (Ernande et al., 2004), suggesting a genotype
by environment interaction.
Dheilly et al. (2014) explained fecundity in C gigas triploid oysters as a
consequence of gene expression. Females capable of producing large quantities
of gametes may do so only because they can proceed past key cell cycle
checkpoints, that non-fecund triploid females cannot pass (Dheilly et al., 2014).
It is possible that triploid C. virginica exhibit similar gene expression patterns to
triploid C. gigas. An additional impediment to female fecundity may be due to
other difficulties such as ambiguity in sex differentiation. Dheilly et al. (2014) also
suggested that concurrent mid-season upregulation of male-specific genes
during gonadogenesis in triploid C. gigas may contribute to low fecundity or the
presence of beta-females (the least fertile). This “mix-up” of male and female
gene activation did not occur in diploid oysters because shifts in male and female
specific gene regulation occur predominantly between seasons in diploid oysters
(Dheilly et al., 2014).
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Tetraploid fecundity
The hypothesis that initiated this experiment was based on observations
that triploid mortality may be associated with triploid fecundity, which itself may
be affected by higher fertility in their tetraploid parents. Though ABC possesses
hundreds, if not thousands, of fecundity estimates from tetraploid females from
over a decade of spawns, none of these data were standardized to size, such as
wet meat weight or length. In 2018, fecundities from 77 tetraploid oysters were
collected at the Kauffman Aquaculture Center along with corresponding wet meat
weights (Table 13). The tetraploid oysters came from three generations: first
generation MOBOY (n=26), fourth generation ₵VBOY (n=17), and ninth
generation GENs (n=34). Data were non-normal and therefore log transformed.
Variances were equal. A single factor ANOVA, with p = 0.05, comparing the log
transformed fecundities indicated no significant differences in fecundity according
to the generation of the tetraploid parent. For comparison, mean fecundities for
Nandua triploid oysters were 6,290 + 28,000 eggs/g, for Rappahannock triploid
oysters – 30,000 + 128,000 eggs/g, for all diploid oysters from this study –
239,000 + 514,000 eggs/g, and all tetraploid oysters – 205,000 + 152,000 eggs/g
(Table 13, Figure 17). There are two caveats to these data. First, though many
of the oysters were reared in the Rappahannock River, the diploid and tetraploid
oysters ripened under different conditions, at different times of year, and
environmental effects have a significant influence on fecundity. Second,
tetraploid fecundity data are limited to one season.
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Comparisons
Fecundity vs. wet meat weight
The importance of the relationship between oyster body size and fecundity
(Davis and Chanley, 1956; Cox and Mann, 1992) or oyster shell length and
fecundity (Mann et al., 2014) has been well established. In this study, there was
no relationship between the wet meat weight of a female triploid oyster and the
quantity of eggs produced (Nandua R=-0.011, p = 0.918; Rappahannock
R=0.067, p = 0.149). The relationship was stronger for diploid oysters (R=0.354,
p < 0.001). It is possible that the relationship in diploids was not stronger
because all oysters examined were the same age. Though the ranges in meat
weights for the oysters was not insubstantial (15.5 - 32.9g), a greater diversity of
year classes or meat weights may have yielded a stronger positive correlation
coefficient, particularly in diploid oysters. The irregular nature of triploid
gametogenesis may invalidate the size – fecundity relationship which applies to
diploid oysters. Also possible is that some interaction between genotype and
environment, unique to this study, may have invalidated the size – fecundity
relationship in triploid oysters.

Survival vs. fecundity or female ratio
There has been considerable speculation from growers that triploid oyster
mortality is associated with a perhaps evolving tendency for triploid oysters to
become ripe. Concern stems from the knowledge that reproduction in diploid
bivalves commands enormous energy exertion and physiological stress (Bayne
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and Newell, 1983), and a large portion of glycogen reserves are utilized during
gametogenesis (Mann, 1979; Barber and Blake, 1981). Further speculation
ensued after the triploid mortality events of 2014. In 2019, Guévélou et al.
published the hypothesis linking triploid mortality to triploid gametogenesis, and
Matt (2018) noted a trend, though not statistically significant, wherein moribund
triploid oysters tended to be fecund females.
One interpretation of the above described speculation is that energy
utilization associated with gametogenesis, particularly in the form of glycogen
consumption, combined with the propensity of triploid oysters for fast growth,
could lead to a dearth of energy and reserves when environmental conditions
become constrained. The speculation posits that these conditions could lead
triploid oysters to become stressed and possibly die, however, work from
Guévélou et al. (in prep) has begun to reveal the complexity of this hypothesis.
The Guévélou study found that glycogen concentrations of triploid oysters in the
spring were lower (~18% dry weight) at a site that experienced triploid mortality,
and higher (~ 25% dry weight) at a site that did not experience triploid mortality,
supportive of the hypothesis. At both sites, however, glycogen levels were
slightly higher in triploid oysters compared to diploid oysters. When measuring
glycogen and mortality in diploid and triploid C. gigas, Allen and Downing (1986)
observed that glycogen consumption was reduced in triploids (due to reduced
gametogenesis) but they attributed increased survival in triploid oysters to the
juvenile life stage, not reduced sexual maturation.
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Observations from this study did not support the initial speculation nor did
it provide evidence to support the relationship directly linking triploid mortality to
triploid fecundity. The correlation between survival and fecundity at either site
was not different than zero. Between sites, the relationship between survival and
female ratio trends were slight but opposite, and again not different than zero.
Survival at the Rappahannock site was significantly greater than in Nandua
Creek, yet it was also at the Rappahannock River where significantly more
females were identified, and the females were more fecund than in Nandua
Creek. Qualitative inspection of the overall condition and meat quality of triploid
oysters at the end of the experiment also suggested that the site producing
healthier oysters (greater survival and better meat condition), Rappahannock
River, was also the site that produced more fecund triploid oysters.
Instances of high triploid fecundity and triploid mortality have coincided in
the past and may coincide in the future, but evidence from this study does not
suggest that triploid fecundity causes triploid mortality. The traits appear to have
no relationship, and triploid mortality and triploid fecundity may or may not cooccur in the future.
Survival, fecundity and female ratio correlations were calculated
comparing means and ratios. There were limitations to the power of this data
analysis technique, and information concerning replicate standard deviation and
confidence intervals were lost when correlating the data. However, it is still
useful for exploring potential trends.
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Tables
Table 1: Description of broodstock names and origins.
Broodstock Name

Meaning of Broodstock Name

4CLGT

Louisiana Grand Terre – F0 Louisiana origin, chemical tetraploids

4VBOY

Oyster Bayou – F2 Louisiana x Virginia origin, propagated by ABC

4GNL

Generic x Louisiana – F1 hybrid of F8 “GEN” and F2 “VBOY” lines

4GEN

Generic – F8 tetraploid oysters from ABC disease resistant lines

XB

CROSBreed – Diploid line started in 1990, propagated by ABC

hANA

High salinity LouisiANA – Diploid oysters from Louisiana origin, bred
in VA for high salinity
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Table 2: Sire source for crosses to produce triploid half-sibling families. Halfsibling families were named after the generation of the tetraploid sire. See Table
1 for origin of tetraploid oysters. Dams for all crosses was a pool of eggs from
five XB females.
4N Sire Source
Half-sib Family

Sire Generation

4CLGT

1A

1

X

1B

X
X

2D

X

5A

X
5

X

5C

X

5D

X

8A

4GEN

X
2

2C

5B

4GNL

X

2A
2B

4VBOY

X

8

8B

X
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Table 3: Husbandry and sampling periods for deployments on the Rappahannock
River (Rapp) and Nandua Creek.

Site

Date

Mortality
Check

Flip
Bags

Live
Count

Density
Check

Dermo

Water
Sample

Gonad
Check

Morph

Egg
Count

Female
Ratio

Husbandry Schedule
Rapp
Nandua
Rapp
Nandua
Rapp
Nandua
Rapp
Nandua
Rapp
Nandua

May17
May17
Jul17
Jul17
Oct17
Oct17
Mar18
Mar18
May18
May18

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Sampling Schedule
Rapp
Nandua

July18
Jun18

X

X

X

X

X

X

X

X

X

X

X

X

X

X
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Table 4: Site, ploidy of cross, half-sibling family, number of oysters sampled for
fecundity from each replicate, and total number of females examined per halfsibling family at the experimental (Nandua Creek, June 25) and control site
(Rappahannock River, July 9).

Site

Nandua

Ploidy

Family

Replicate 1

Replicate 2

Total

Triploid

1A

5

7

12

Triploid

1B

8

16

24

Triploid

2A

4

3

7

Triploid

2B

7

4

11

Triploid

2C

5

7

12

Triploid

2D

6

6

12

Triploid

5A

2

1

3

Triploid

5B

3

8

11

Triploid

5C

7

5

12

Triploid

5D

3

9

12

Triploid

8A

12

9

21

Triploid

8B

6

2

8

Diploid

Control

25

21

46

Total

Rapp

191
Triploid

1A

25

25

50

Triploid

1B

29

26

55

Triploid

2A

25

15

40

Triploid

2B

20

25

45

Triploid

2C

30

25

55

Triploid

2D

24

26

50

Triploid

5A

12

16

28

Triploid

5B

25

32

57

Triploid

5C

25

21

46

Triploid

5D

27

26

53

Triploid

8A

25

33

58

Triploid

8B

23

22

45

Diploid

Control

27

25

52

Total

634

Grand total

825
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Table 5: Visual assessment of water samples collected at Nandua Creek and
Rappahannock River in 2018. Water sample collection date, results of visual
species identification, and notes on tide cycle are listed.
Date

Sample Site

Visuals

5/18/2018

Nandua

ciliates, diatoms, zooplankton, detritus,
Prorocentrum minimum(33 c/ml),
Prorocentrum micans(12 c/ml),
Karlodinium veneficum(35 c/ml),
Pheopolykrikos hartmannii(15 c/ml)

5/24/2018

Rappahannock

ciliates, diatoms, zooplankton, lots of
detritus, Pseudonitzchia sp.(< 1 c/ml)

Incoming tide

6/1/2018

Nandua

ciliates, diatoms, zooplankton, detritus,
Choromocum toxicum (<1 c/ml),
Karlodinium veneficum(12 c/ml),
Prorocentrum minimum(23 c/ml),
Chattonella subsalsa(<1 c/ml)

Incoming tide

6/7/2018

Rappahannock

ciliates, diatoms, zooplankton, detritus

Outgoing tide

Nandua

ciliates, diatoms, zooplankton, detritus,
Choromocum toxicum (<1 c/ml),
Karlodinium veneficum(20 c/ml),
Prorocentrum minimum(33 c/ml),
Akashiwo sanguinea(10 c/ml)

Outgoing tide

Rappahannock

ciliates, diatoms, zooplankton, detritus,
Prorocentrum minimum(68 c/ml),
Karlodinium veneficum(20 c/ml),
Pheopolykrikos hartmannii(35 c/ml)

Low tide

6/25/2018

7/9/2018
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Notes

Table 6: Triploid half-sibling family name (Table 2) and percentage of triploid
larvae at culture day eight.

Family
1A
1B
2A
2B
2C
2D
5A
5B
5C
5D
8A
8B

Percent Triploid
76
91
88
92
90
84
82
91
83
88
87
88
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Table 7: Cumulative proportional survival (± 95%CI) of half-sibling families in
Nandua Creek from March 2017 – June 2018. Column headings denote the last
month of the time interval. Family ranking within each generation and mean
survival for each generation are given for the final increment (May – June 2018).

Mar-18

May-18

Family

Survival

Survival

Survival

Jun-18
Generation
Rank

1A

0.922 ± .024

0.904 ± .027

0.876 ± .031

1

1B

0.932 ± .022

0.874 ± .030

0.802 ± .038

2

2A

0.851 ± .032

0.735 ± .040

0.547 ± .047

2

2B

0.888 ± .028

0.580 ± .047

0.350 ± .047

3

2C

0.831 ±.042

0.625 ± .055

0.259 ± .053

4

2D

0.950 ± .029

0.831 ± .051

0.621 ± .068

1

5A

0.940 ± .021

0.928 ± .023

0.794 ± .039

1

5B

0.904 ± .026

0.888 ± .028

0.786 ± .040

2

5C

0.826 ± .034

0.783 ± .037

0.646 ± .040

3

5D

0.844 ± .032

0.687 ± .043

0.529 ± .046

4

8A

0.835 ± .033

0.368 ± .047

0.216 ± .040

2

8B

0.888 ± .028

0.861 ± .032

0.655 ± .045

1

Control

0.820 ± .034

0.789 ± .037

0.607 ± .045

-
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Generation
Survival
0.838 ± .025

0.433 ± .026

0.680 ± .021

0.427 ± .033
0.607 ± .045

Table 8: Cumulative survival ± 95%CI of half-sibling families in Rappahannock
River from March 2017 – June 2018. Column headings denote the last month of
the time interval. Family ranking within each generation and mean survival for
each generation are also given for the final increment (May – June 2018).

Mar-18

May-18

Family

Survival

Survival

Survival

Jul-18
Generation
Rank

1A

0.900 ± .027

0.844 ± .033

0.760 ± .040

2

1B

0.898 ± .027

0.895 ± .027

0.819 ± .036

1

2A

0.638 ± .044

0.610 ± .044

0.586 ± .045

4

2B

0.800 ± .036

0.788 ± .037

0.747 ± .040

2

2C

0.953 ± .024

0.944 ± .025

0.869 ± .038

1

2D

0.733 ± .061

0.714 ± .063

0.654 ± .067

3

5A

0.868 ± .030

0.835 ± .034

0.753 ± .040

2

5B

0.824 ± .034

0.791 ± .037

0.735 ± .040

3

5C

0.863 ± .031

0.848 ± .032

0.798 ± .037

1

5D

0.842 ± .033

0.827 ± .034

0.713 ± .042

4

8A

0.844 ± .032

0.812 ± .035

0.734 ± .021

2

8B

0.842 ± .033

0.829 ± .034

0.814 ± .035

1

Con

0.721 ± .041

0.711 ± .041

0.605 ± .045

-
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Generation
Survival
0.788 ± .027

0.707 ± .023

0.750 ± .020

0.774 ± .027
0.605 ± .043

Table 9: Mean growth (calculated by subtracting initial height in March 2017 from
final height in June or July 2018) ± 95% CI for each half-sibling family, growth
ranking of each family within its generation, and mean growth of each generation
at Nandua Creek and Rappahannock River. Measurements are in millimeters.

Nandua
Family

Growth
(mm)

Generation
Rank

1A

42.3 ± 4.2

2

1B

45.3 ± 2.5

2A

Rappahannock
Generation
Avg.

Growth
(mm)

Generation
Rank

46.0 ± 4.0

2

1

49.0 ±2.8

1

44.0 ± 4.7

2

52.2 ± 4.5

2

2B

49.2 ± 5.2

1

60.2 ± 4.5

1

2C

32.6 ± 3.5

4

44.3 ± 4.3

3

2D

36.8 ± 4.0

3

42.3 ± 4.5

4

5A

50.3 ± 3.4

2

54.2 ± 4.1

2

5B

51.3 ± 4.6

1

54.8 ± 4.8

1

5C

42.0 ± 3.9

3

49.2 ± 4.5

3

5D

41.9 ± 3.9

4

49.0 ± 4.4

4

8A

50.9 ± 3.8

1

61.6 ± 4.2

1

8B

42.9 ± 3.4

2

48.3 ± 3.4

2

Con

31.6 ± 3.6

-

44.1 ± 3.8

-

43.8 ± 2.4

40.7 ± 3.4

46.4 ± 2.9

46.9 ± 2.6
31.6 ± 2.6
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Generation
Avg.
47.1 ± 2.5

50.0 ± 3.5

51.9 ± 3.2

55.8 ± 3.0
43.4 ± 2.8

Table 10: Proportion of female oysters (± 95% CI) for each half-sibling family and
generation in Nandua Creek and Rappahannock River. Remaining proportions
(not shown) represent non-female portion of ratio.

Family

Nandua
Family Female Generation Female
Ratio
Ratio

Rappahannock
Family Female
Generation Female
Ratio
Ratio

1A

0.061 ± .036

0.407 ± .087

1B

0.120 ± .045

2A

0.035 ± .025

2B

0.074 ± .042

2C

0.158 ± .082

2D

0.094 ± .050

0.379 ± .083

5A

0.015 ± .017

0.140 ± .048

5B

0.060 ± .033

5C

0.058 ± .033

5D

0.058 ± .032

8A

0.226 ± .085

8B

0.040 ± .027

Con

0.327 ± .075

0.090 ± .029

0.524 ± .096

0.461 ± .065

0.229 ± .062
0.271 ± .068

0.076 ± .022

0.320 ± .070

0.422 ± .083

0.047 ± .014

0.242 ± .061

0.295 ± .035

0.279 ± .034

0.393 ± .082
0.423 ± .083

0.099 ± .032

0.225 ± .058

0.327 ± .075

0.591 ± .103
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0.306 ± .049
0.591 ± .103

Table 11: Raw fecundity data (egg counts); maximum and mean (±SD),
organized by half-sibling family and site. Minimum egg counts were 166 for all
groups except for the diploid control group in the Rappahannock River, which
was 10,000 eggs.

Nandua
Family

Max

Mean

Rappahannock
± SD

Max

Mean

± SD

1A

12,333

2,736

4,014

4,466,667

305,350

742,560

1B

560,000

50,826

124,447

1,453,333

113,980

300,170

2A

246,333

36,238

92,665

1,086,667

81,217

237,366

2B

13,000

5,712

4,452

3,853,333

406,515

812,360

2C

2,466,667

48,236

78,805

5,626,667

299,793

859,965

2D

1,276,667

141,764

360,256

12,893,333

1,408,149

2,949,364

5A

1,333

500

561

2,106,667

143,089

438,854

5B

986,667

123,083

300,533

5,346,667

424,731

1,053,989

5C

78,667

13,694

27,261

2,693,333

92,888

409,966

5D

2,000

1,167

667

2,180,000

114,532

348,101

8A

34,000

4,174

8,520

3,800,000

372,220

795,232

8B

5,000

1,021

1,367

93,333

10,015

25,204

Con

34,960,000

1,797,544

5,733,157

15,360,000

1,973,067

3,829,464
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Table 12: Fecundity by half-sibling family or generation in Nandua Creek and
Rappahannock River, given as mean ln egg count/ gram wet meat weight ±
standard deviation.

Nandua
Generation
ln egg/g

Rappahannock
Generation
Family ln egg/g
ln egg/g

Family

Family ln egg/g

1A

4.83 ± 1.78

1B

5.58 ± 2.81

2A

5.12 ± 2.47

2B

6.04 ± 2.54

2C

6.34 ± 2.66

2D

7.29 ± 2.79

8.97 ± 3.03

5A

3.81 ± 1.11

6.67 ± 2.83

5B

5.86 ± 3.17

5C

5.16 ± 2.35

5D

5.01 ± 0.67

8A

5.06 ± 1.57

8B

4.42 ± 1.18

Con

10.02 ± 2.61

5.33 ± 2.51

7.75 ± 2.64
6.35 ± 2.59

7.05 ± 2.70

6.31 ± 2.33
6.33 ± 2.45

5.23 ± 2.44

8.41 ± 2.70
7.43 ± 2.98

6.98 ± 3.28
5.99 ± 2.17

7.83 ± 2.94

6.50 ± 2.75

6.99 ± 2.46
4.89 ± 1.48
10.02 ± 2.61

7.66 ± 3.07
4.63 ± 2.09
10.88 ± 1.86
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6.23 ± 3.04
10.88 ± 1.86

Table 13: Tetraploid fecundity given by generation of the tetraploid, mean egg
count for 1st, 4th, and 9th generation tetraploid oysters, mean egg count per gram
wet meat weight, mean ln egg count per gram wet meat weight for each
generation, and standard deviation of ln egg means.

Generation

Avg. egg count

Avg. egg count/g

Avg. ln eggs/g

SD

1

4,176,000

252,048

12.2

0.71

4

1,445,765

117,178

11.5

0.56

9

1,960,059

213,192

12.0

0.76
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Figures

Figure 1: Grow-out sites in the Virginia portion of Chesapeake Bay: square –
Rappahannock River control site (LAT 37.597418, LONG -76.430485) and circle
– Nandua Creek triploid mortality site (LAT 37.628134, LONG -75.852785).
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Figure 2: Available weekly average temperatures for Nandua Creek (continuous
data logger; hourly) and Rappahannock River (handheld YSI meter; daily) for the
period March 2018 – July 2018.
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Figure 3: Available weekly average salinity for Nandua Creek (continuous data
logger; hourly) and Rappahannock River (handheld YSI meter; daily) from May
2018 - July 2018.
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Figure 4: Survival curves for 12 half-sibling triploid families and one diploid
control family in Nandua Creek. Curves are estimated using the Kaplan-Meier
estimator. Triploid mortality period is highlighted in each year.
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Figure 5: Cumulative survival for triploid half-sibling families and diploid control
deployed in Nandua Creek (black bars) and Rappahannock River (grey bars)
(Kaplan-Meier estimator). Circles are cumulative survival for individual families
for each generation.
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Cumulative Survival
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1

2

5

Generation
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8
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Figure 6: Cumulative survival for 12 half-sibling triploid families and one diploid
control family in Rappahannock River. Curves are predicted using the KaplanMeier estimator. The triploid mortality period is highlighted in each year.
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Figure 7: Mean growth (calculated by subtracting initial height in March 2017
from final height in June or July 2018). Generation means for Nandua Creek
oysters are displayed in black bars. Generation means for Rappahannock River
oysters are in grey bars. Circles represent individual family means and are
displayed in line with respective generation bars. Measurements are in
millimeters.
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Figure 8: Mean female ratio by generation for oysters in Nandua Creek (black
bars) and Rappahannock River (grey bars). Individual half-sibling family means
are represented by circles.
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Figure 9: Fecundity boxplot, given in ln egg count per gram wet meat weight, for
half-sibling families in Nandua Creek.
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Figure 10: Fecundity boxplot, given in ln egg count per gram wet meat weight, by
generation in Nandua Creek. The number above each boxplot represents the
number of low fecundity females (egg count = 166) within each generation.
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(12)

(14)
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Figure 11: Fecundity boxplot, given in ln egg count per gram wet meat weight, for
half-sibling families in the Rappahannock River. Significance grouping is listed
above each boxplot.
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Figure 12: Fecundity boxplot, given in ln egg count per gram wet meat weight, for
generations in the Rappahannock River. Significance grouping is listed above
each boxplot, and the number above each boxplot represents the number of low
fecundity females (egg count = 16) within the generation.

81

Figure 13: Relationship between ln fecundity and wet meat weight. Diploid
females are in red, Nandua triploid females are in green, Rappahannock triploid
females are in blue.

Nandua R2 = 0.0001, p = 0.981
Rappahannock R2 = 0.004, p = 0.149
Diploid R2 = 0.125, p < 0.001
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Figure 14: Comparison of triploid fecundity by replicates, given in ln egg counts,
in relation to proportion surviving. Nandua Creek is in blue, Rappahannock River
is in yellow.
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Figure 15: Relationship between replicate samples of triploid female ratio with
proportion surviving. Nandua Creek is in blue, Rappahannock River is in yellow.

Nandua R2 = 0.156, p = 0.056
Rapp R2= 0.108, p = 0.118
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Figure 16: Comparison of triploid replicate female ratio to its female ratio.
Nandua Creek is in red, Rappahannock River is in blue.
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Figure 17: Mean log (ln) egg count per gram wet meat weight for each tetraploid
generation.

86

Appendix

Appendix 1: Final mean height ± SD for each half-sibling family in Nandua Creek
and Rappahannock River. Measurements are in millimeters.
Family

Nandua Height (mm)

Rapp Height (mm)

1A

77.3 ± 11.4

80.9 ± 10.8

1B

77.4 ± 7.3

81.0 ± 8.4

2A

75.1 ± 12.5

83.1 ± 11.7

2B

78.9 ± 13.4

89.9 ± 10.7

2C

75.5 ± 8.9

87.2 ± 12.3

2D

79.0 ± 10.5

84.3 ± 12.7

5A

80.4 ± 9.6

84.3 ± 12.0

5B

80.5 ± 11.2

83.9 ± 12.3

5C

77.2 ± 10.6

84.4 ± 12.7

5D

74.5 ± 10.6

81.3 ± 12.5

8A

78.6 ± 10.5

89.3 ± 12.2

8B

70.9 ± 9.2

76.3 ± 10.0

Con

70.2 ± 8.9

82.6 ± 9.6

Appendix 2: Generation cumulative survival at Nandua ± 95%CI from March
2017 – June 2018.
Generation

Oct-17

Mar-18

May-18

Jun-18

1

0.946 ± .014

0.927 ± .016

0.888 ± .021

0.838 ± .025

2

0.908 ± .014

0.873 ± .016

0.677 ± .024

0.433 ± .026

5

0.899 ± .013

0.878 ± .015

0.82 ± .017

0.680 ± .021

8

0.880 ± .020

0.863 ± .022

0.626 ± .031

0.427 ± .033

Con

0.820 ± .034

0.82 ± .037

0.789 ± .037

0.607 ± .045
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Appendix 3: Generation cumulative survival in the Rappahannock River ± 95%CI
from March 2017 – July 2018.
Generation

Oct-17

Mar-18

May-18

Jul-18

1

0.917 ± .017

0.899 ± .019

0.870 ± .021

0.788 ± .027

2

0.908 ± .015

0.770 ± .021

0.752 ± .022

0.707 ± .023

5

0.885 ± .015

0.850 ± .015

0.826 ± .016

0.750 ± .020

8

0.862 ± .022

0.843 ± .023

0.821 ± .024

0.774 ± .027

Con

0.840 ± .033

0.722 ± .040

0.712 ± .041

0.605 ± .043

88

Literature Cited

Allen Jr., S.K., & Downing S.L. (1990). Performance of triploid Pacific oysters,
Crassostrea gigas : Gametogenesis. Can J Fish Aquat Sci, 47, 1213–
1222.
Allen Jr., S.K. & Bushek, D. (1992). Large-scale production of triploid oysters,
Crassostrea virginica (Gmelin), using “stripped” gametes. Aquaculture,
103, 241–251.
Allen Jr., S.K. & Downing, S.L. (1986). Performance of triploid Pacific oysters,
Crassostrea gigas (Thunberg). I. Survival, growth, glycogen content, and
sexual maturation in yearlings. J Exp Mar Bio Ecol, 102, 197–208.
Barber, B. J. & Blake, N.J. (1981). Energy storage and utilization in relation to
gametogenesis in Argopecten irradians concentricus (Say). J Exp Mar
Biol Ecol, 52, 121-134.
Barber, B.J., Ford, S.E., & Wargo R.N. (1991). Genetic variation in the timing of
gonadal maturation and spawning of the eastern oyster, Crassostrea
virginica (Gmelin). Biol Bull, 181(2), 216-221.
Bayne, B. (2017a). Biology of Oysters: Evolution. Developments in Aquaculture
and Fisheries Science, 47-82.
Bayne, B. (2017b). Biology of Oysters: Reproduction. Developments in
Aquaculture and Fisheries Science, 565-683.
Bayne, B. L. & Newell R.C. (1983). Physiological energetics of marine molluscs.
The Mollusca. Vol. 4. edited by A.M. Saleuddin and K.M Wilbur.
Academic Press, New York. 407-515.
Bodenstein, S.R. (2019). "Comparing responses of triploid and diploid eastern
oysters, Crassostrea virginica, to common farm stressors" master's thesis,
Auburn University.
Burreson, E.M. & Ragone Calvo, L.M. (1996). Epizootiology of Perkinus marinus
disease of oysters in Chesapeake Bay with emphasis on data since 1985.
J Shellfish Res, 15, 17-34.
Bushek, D., Ford, S & Allen Jr., S.K. (1994). Evaluation of methods using Ray's
fluid thioglycollate medium for diagnosis of Perkinsus marinus infection in
the eastern oyster, Crassostrea virginica. Annual Review of Fish
Diseases, 4, 201-217.

89

Breuer, J.P. (1962). An ecological survey of the lower Laguna Madre of Texas,
1953–1959. Publ Inst Mar Sci, 8,153-183.
Butler, P.A. (1952). Growth and mortality rates in sibling and unrelated oyster
populations. Proc Caribb Fish Inst, 4, 71.
Callam, B.R. (2013). "Improvements in triploid Crassostrea virginica production:
characterizing the diploid parent" master's thesis, College of William and
Mary.
Callam, B.R., Allen, S.K., & Frank-Lawale A. (2016). Genetic and environmental
influence on triploid Crassostrea virginica grown in Chesapeake Bay:
Growth. Aquaculture, 452, 97–106.
Carnegie, R. (2014). "Pathology in Spring Mortality Samples." Triploid Oyster
Mortality Forum. Virginia Institute of Marine Science, Gloucester Pt., VA.
Chaiton, J.A., & Allen Jr., S.K. (1985). Early detection of triploidy in the larvae of
Pacific oytsers, Crassostrea gigas, by flow cytometry. Aquaculture, 48(1),
35-43.
Chávez-Villalba, J., Soyez, C., Huvet, A., Gueguen, Y., & Lo C. (2011).
Determination of gender in the pearl oyster Pinctada margaritifera. J
Shellfish Res, 30(2), 231-240.
Cheney, D. P. (2000). Summer mortality of Pacific oysters, Crassostrea gigas
(Thunberg): initial finding on multiple environmental stressors in Puget
Sound, Washington, 1988. J Shellfish Res, 19, 353-359.
Choi, K.S., Powell, E.N., Lewis, D.H, & Ray, S.M. (1994). Instantaneous
reproductive effort in female American oysters, Crassostrea virginica,
measured by a new immunoprecipitation assay. Biol Bull, 186: 41-61.
Chu, F-L. E. & La Peyre, J.F. (1993). Perkinsus marinus susceptibility and
defense-related activities in eastern oysters Crassostrea virginica:
temperature effects. Dis Aquat Org, 16, 223–234.
Coe, W.R. (1932). Sexual phases in the American oyster (Ostrea virginica). Biol
Bull, 63,419–441.
Comai, L. (2005). The advantages and disadvantages of being polyploid.
Nature Reviews Genetics, 6, 836-846.
Cox, C. & Mann, R.L. (1992). Temporal and spatial changes in fecundity of
eastern oysters, Crassostrea virginica (Gmelin, 1791) in the James River,
Virginia. J Shellfish Res, 11, 49-54.

90

Cox, E.S., Smith, M.S.R., Nell, J.A., & Maguire, G.B. (1996). Studies on triploid
oysters in Australia. VI. Gonad development in diploid and triploid
Sydney rock oysters Saccostrea commercialis (Iredale and Roughley). J
Exp Mar Biol Ecol, 197(1), 101-120.
Davis, J.P. (1994). Jonathan Davis "Studies on the influence of ambient
temperature and food supply on growth rate, carbohydrate content and
reproductive output in diploid and triploid Pacific oysters, Crassostrea
gigas (Thunberg)" PhD diss., University of Washington.
Davis, H.C. & Chanley, P.E. (1956). Spawning and egg production of oysters
and clams. Proc Natl Shellfish Assoc, 46, 40-58.
Dégremont, L., Garcia, C., Frank-Lawale, A., & Allen Jr., S.K. (2012). Triploid
oysters in the Chesapeake Bay: Comparison of diploid and triploid
Crassostrea virginica. J Shellfish Res, 31, 21–31.
Deslous-Paoli, J. & Héral, M. (1988). Biochemical composition and energy
value of Crassostrea gigas (Thunberg) cultured in the bay of MarennesOléron. Aquat Living Resour, 1, 239-249.
Dheilly, N.M., Jouaux, A., Boudry, P., Favrel, P., & Lelong C. (2014).
Transcriptomic profiling of gametogenesis in triploid pacific oysters
Crassostrea gigas: Towards an understanding of partial sterility
associated with triploidy. PLoS One 9.
Dittman, D.E., Ford, S.E., & Padilla, D.K. (2001). Effects of Perkinsus marinus
on reproduction and condition of the eastern oyster, Crassostrea virginica,
depend on timing. J Shellfish Res, 20(3), 1025-1034.
Diaz, R. & Rosenberg R. (1995). Marine benthic hypoxia: A review of its
ecological effects and the behavioral responses of benthic macrofauna.
Oceanogr Mar Biol Ann Rev, 33, 245–303.
Dungan, C. & Bushek, D. (2015). Development and applications of Ray's fluid
thioglycolate media for detection and manipulation of Perkinsus spp.
pathogens of marine molluscs. J Invert Path, 131, 68-82.
Enríquez-Díaz, M., Pouvreau, S., Chávez-Villalba, J., & Le Pennec, M. (2009).
Gametogenesis, reproductive investment, and spawning behavior of the
Pacific giant oyster Crassostrea gigas: evidence of an environmentdependent strategy. Aquaculture Int, 17, 491-500.

Ernande, B., Boudry, P., Clobert, J., & Haure, J. (2004). Plasticity in resource
allocation based life history traits in the Pacific oyster, Crassostrea gigas.
I. Spatial variation in food abundance. J Evol Biol, 17, 342–356.
91

Ford, S & Figueras, A. (1988). Effects of sublethal infection by the parasite
Haplosporidium nelsoni (MSX) on gametogenesis, spawning, and sex
ratios of oysters in Delaware Bay, USA. Dis Aquat Org, 4, 121-133.
Frank-Lawale, A., Allen, S.K., & Dégremont L. (2014). Breeding and
domestication of eastern oyster (Crassostrea virginica) lines for culture in
the mid-Atlantic, USA: Line development and mass selection for disease
resistance. J Shellfish Res, 33, 153–165.
Gagnaire, B., Soletchnik, P., Madec, P, Geairon, P., LeMoine, O. & Renault, T.
(2006). Diploid and triploid Pacific oysters, Crassostrea gigas (Thunberg),
reared at two heights above sediment in Marennes-Oleron Basin - France:
Difference in mortality, sexual maturation and hemocyte parameters.
Aquaculture, 254, 606-616.
Galtsoff, P.S. (1930). The fecundity of the oyster. Science, 72, 97-98.
Galtsoff, P.S. (1964) The American Oyster Crassostrea virginica Gmelin. Fish
Bull, 64, 297-323.
Gong, N., Yang, H., Zhang, G., Landau, B., & Guo X. (2004). Chromosome
inheritance in triploid pacific oyster Crassostrea gigas Thunberg.
Heredity, 93 (5), 408-415.
Guévélou, E, Carnegie, R., Moss-Small, J., Hudson, K., Reece, K., Rybovich, M.,
& Allen Jr., S.K. (2019). Tracking triploid mortalities of eastern oysters
(Crassostrea virginica) in the Virginia portion of the Chesapeake Bay. J
Shellfish Res, 38(1), 1-13.
Guo, X., DeBrosse, G., & Allen Jr., S.K. (1995). All-triploid Pacific oysters
(Crassostrea gigas Thunberg) produced by mating tetraploids and
diploids. Aquacuture, 142, 149-161.
Guo, X., Hedgecock, D., Hershberger, W.K., Cooper, C., & Allen Jr., S.K. (1998).
Genetic determinants of protandric sex in the Pacific oyster, Crassostrea
gigas (Thunberg). Evolution, 52(2), 394-402.
Guo, X. & Allen Jr., S.K. (1994). Viable tetraploid in the Pacific oyster
(Crassostrea gigas Thunberg) produced by inhibiting polar body I in eggs
from triploids. Mol Mar Bio Biotechnol, 3(1), 42-50.
Harding, J.M., E.N. Powell, R. Mann, & Southworth M.J. (2013). Variations in
eastern oyster (Crassostrea virginca) sex-ratios from three Virginia
estuaries: protandry, growth and demographics. J Mar Biol Assoc UK,
93(2), 519-531.
Hawkins, A.J.S., Magoulas, J., Héral, M., Bougrier, S., Naciri-Graven, Y., Day,
A.J., & Kotoulas, G. (2000). Separate effects of triploidy, parentage and
92

genomic diversity upon feeding behaviour, metabolic efficiency and net
energy balance in the Pacific oyster Crassostrea gigas. Genet Res Camb,
76, 273-284.
Houssin, M., Trancart, S., Denechere, L., Oden, E., Adeline, B., Lepoitevin, M., &
Pitel, P-H. (2019). Abnormal mortality of triploid adult Pacific oysters: Is
there a correlation with high gametogenesis in Normandy, France?
Aquaculture, 505(2019), 63-71.
Hudson, K. (2014). "Situation Report." Triploid Oyster Mortality Forum. Virginia
Institute of Marine Science, Gloucester Pt., VA.
Hudson, K., & Murray, T.J. (2017). Virginia Shellfish Aquaculture Situation and
Outlook Report. Virginia Sea Grant Marine Extension Program Virginia
Institute of Marine Science, Gloucester Pt., VA.
Jenkins, C., Hick, P., Gabor, M., Spiers, C., Fell, S., Gu, X., Read, A., Go, J.,
Dove, M., O'Connor,, W., Kirkland, P., & Frances, J. (2013). Identification
and characterization of an ostreid herpesvirus-1 microvariant (OsHV-1 μvar) in Crassostrea gigas (Pacific oysters) in Australia. Dis Aquat Organ,
105, 109-126.
Jeung, H., Keshavmurthy, S., Lim, H., Kim, S., & Choi, K. (2016). Quantification
of reproductive effort of the triploid Pacific oyster, Crassostrea gigas
raised in intertidal rack and bag oyster culture system off the west coast of
Korea during spawning season. Aquaculture, 464, 374-380.
Jouaux, A., Heude-Berthelin, C., Sourdaine, P., Mathieu, M., & Kellner, K.
(2010). Gametogenic stages in triploid oysters Crassostrea gigas:
Irregular locking of gonial proliferation and subsequent reproductive effort.
J Exp Mar Biol Ecol, 395, 162–170.
Kennedy, V.S. (1983). Sex ratio in oysters, emphasizing Crassostrea virginica
from Chesapeake Bay, Maryland. Veliger, 25; 329-338.
Kennedy, V.S., Newell, R.I.E., Krantz, G.E., & Otto, S. (1985). Reproductive
Capacity of the eastern oyster Crassostrea virginica infected with the
parasite Perkinsus marinus. Dis Aquat Org, 23, 135-144.
Kesarcodi-Watson A., Klumpp, D., & Lucas, J. (2001). Comparative feeding and
physiological energetics in diploid and triploid Sydney rock oysters
(Saccostrea commercialis). Aquaculture, 203, 195-216.
Koganezawa, A. (1974). Present status of studies on the mass mortality of
cultured oysters in Japan and its prevention. In Proceedings of the Third
U.S.-Japan Meeting on Aquaculture at Tokyo, Japan. Fishery Agency,
Japanese Government and Japan Sea Regional Fisheries Research
Laboratory.
93

Krantz, G.E. & Jordan, S.J. (1996). Management alternatives for protecting
Crassostrea virginica fisheries in Perkinsus marinus enzootic and
epizootic areas. J Shellfish Res, 15,167–176.
Levitan, D. (1993). The importance of sperm limitation to the evolution of egg
size in marine invertebrates. Am Nat, 141, 517-536.
Levitan, J. & Doall, M. (2019). Feeding access of eastern oysters to the winterspring phytoplankton bloom: evidence from Jamaica Bay, New York. J
Shellfish Res, 38(1), 115-121.
Liu, W., Qi, L., Gao, F., & Kong, L. (2010). Effects of starvation on biochemical
composition and gametogensis in the Pacific oyster, Crassostrea gigas.
Fish Sci, 76(5): 737-745.
Loosanoff, V.L. (1942). Seasonal gonadal changes in the adult oysters,
Crassostrea virginica, of Long Island Sound. Biol Bull, 82,195–206.
Loosanoff, V.L. & Nomejko, C.A. (1951). Existence of physiologically-different
races of oysters, Crassostrea virginica. Biol Bull, 101, 151–156.
Luckenback, M.W., Sellner, K.G., Shumway, S.E., & Greene, K. (1993). Effects
of two bloom-forming dinoflagelattes, Prorocentrum minimum and
Gyrodinium uncatenum, on the growth and survival of the eastern oyster,
Crassostrea virginica (Gmelin 1791). J Shellfish Res, 12(2), 411-415.
Mallet, L. & Haley, L.E. (1983). Growth rate and survival in pure population
matings and crosses of the oyster Crassostrea virginica. Can J Fish Aquat
Sci, 40, 948–954.
Mann, R. (1979). Some biochemical and physiological aspects of growth and
gametogenesis in Crassostrea gigas and Ostrea edulis grown at sustained
elevated temperatures. J Mar Biol Assoc UK, 59, 95-110.
Mann, R., Southworth, M., Carnegie, R.B. & Crockett, R.K. (2014). Temporal
variation in fecundity and spawning in the eastern oyster, Crassostrea
virginica, in the Piankatank River, Virginia. J Shellfish Res, 33(1), 167-176.
Matt, J.L. (2018). "The relationship between reproduction and mortality in triploid
C. virginica" master's thesis, College of William and Mary.
Matt, J.L. & Allen Jr., S.K. (2014). Heteroploid mosaic tetraploids of Crassostrea
virginica produce normal triploid larvae and juveniles as revealed by flow
cytometry. Aquaculture, 432, 336-345.
May, S.P., Burkholder, J.M., Shumway, S.E., Hégaret, H., Wikfors, G. H., &
Frank, D. (2010). Effects of the toxic dinoflagellate, Alexandrium
94

monilatum, on survival, grazing and behavioral response of three
ecologically important bivalve species. Harmful Algae, 9(3), 281-293.
Moran, A. (2004). Egg size evolution in tropical american arcid bivalves: the
comparative method and the fossil record. Evolution, 58 (12), 2718-2733.
Mori, K., Tamate, H., Imai, T., & Itikawa, O. (1965). Studies on the mass mortality
of the oyster in Matsushima Bay V. Changes in the metabolism of lipids
and glycogen of the oyster during the stages of sexual maturation and
spawning. Bull Tohoku Natl Fish Res Inst Shiogama, 65–88.
Nell, J.A. (2002). Farming triploid oysters. Aquaculture, 210, 69-88.
Normand, J., Le Pennec, M., & Boudry, P. (2008). Comparative histological
study of gametogenesis in diploid and triploid Pacific oysters (Crassostrea
gigas) reared in an estuarine farming site in France during the 2003
heatwave. Aquaculture, 282,124–129.
Normand, J., Ernande, B., Haure, J., McCombie, H. & Boudry, P. (2009).
Reproductive effort and growth in Crassostrea gigas: comparison of young
diploid and triploid oytsers issues from natural crosses or chemical
induction. Aquat Biol, 7, 229-241.
Paynter, K. T. & Burreson, E.M. (1991). Effects of Perkinsus marinus infection
in the eastern oyster, Crassostrea virginica: II Disease development and
impact on growth rate at different salinities. J Shellfish Res, 10(2), 425431.
Peachey, B.P. & Allen Jr., S.K. (2016). Evaluation of cytochalasin B and 6dimethylaminopurine for tetraploidy induction in the eastern oyster,
Crassostrea virginica. Aquaculture, 450, 199-205.
Pease, S. (2016). "Alexandrium monilatum in the lower Chesapeake Bay:
Sediment cyst distribution and potential health impacts on Crassostrea
virginica" master's thesis, College of William and Mary.
Perdue, J.A., Beattie, J.H., & Chew, K.K. (1981). Some relationships between
gametogenic cycle and summer mortality phenomenon in the Pacific
oyster (Crassostrea gigas) in Washington State. J Shellfish Res, 1, 9-16.
Powell, E.N., Klinck, J.M., & Hofmann, E.E. (2011). Generation time and the
stability of sex-determining alleles in oyster populations as deduced using
a gene-based population dynamics model. J Theor Biol, 271(1), 27-43.
Powell, E.N., Morsos, J.M., Ashton-Alcox, A.M. & Kim, Y. (2012).
Accommodation of the sex-ratio in eastern oysters Crassostrea virginica to
variation in growth and mortality across the estuarine salinity gradient. J
Mar Biol Assoc UK, 93(2), 533-555.
95

Proestou, D.A., Vinyard, B.T., Corbett, R.J., Piesz, J., Allen, S.K., Small, J.M., Li,
C., Liu, M., DeBrosse, G., Guo, X., Rawson, P., & Gómez-Chiarri, M.
(2016). Performance of selectively-bred lines of eastern oyster,
Crassostrea virginica, across eastern US estuaries. Aquaculture, 464,17–
27.
Quayle, D. (1988). Pacific oyster culture in British Columbia. Can Bull Fish Aquat
Sci, 218, 1–241.
R Core Team. (2016). R: A Language and Environment for Statistical Computing.
Ray, S.M. (1954). "Biological studies of Dermocystidium marinum, a funguos
parasite of oysters" PhD diss. The Rice Institute.
Reeb, C.A. & J.C. Avise. (1989). A genetic discontinuity on a continuously
distributed species: Mitochondrial DNA in the American oyster,
Crassostrea virginica. Genetics, 124, 397-406.
Samain, J., Dégremont, L., Soletchnik, P., Haure, J., Bédier, E., Ropert, M.,
Moal, J., Huvet, A., Bacca, H., Van Wormhoudt, A., Delaporte, M., Costil,
K., Pouvreau, S., Lambert, C., Boulo, V., Soudant, P., Nicolas, J., Le
Roux, F., Renault, T., Gagnaire, B., Geret, F., Boutet, I., Burgeot, T., &
Boudry, P. (2007). Genetically based resistance to summer mortality in
the Pacific oyster (Crassostrea gigas) and its relationship with
physiological, immunological characteristics and infection process.
Aquaculture, 268, 227-243.
Satterthwaite, F.E. (1946). An approximate distribution of estimates of variance
components. Biometrics Bull, 2(6), 110-114.
Shpigel, M., Barber, B.J., & Mann, R. L. (1992). Effects of elevated temperature
on growth, gametogenesis, physiology, and biochemical composition in
diploid and triploid Pacific oysters, Crassostrea gigas Thunberg. J Exp
Mar Biol Ecol, 161, 15–25.
Shumway, S. (1996). Natural environmental factors.
In Kennedy, V., Newell, R., Eble, A. (Eds.), The Eastern Oyster
Crassostrea virginica, Maryland Sea Grant College, College Park, MD,
467-513.
Thompson, R., Newell, R., Kennedy, V., & Mann, R.L. (1996). Reproductive
Processes and Early Development. In Kennedy, V., Newell, R., Eble, A.
(Eds.), The Eastern Oyster, Crassostrea virginica. 335-370.
Timofeev, S., Sklyar, V., & Savinov, M. (2004). Stabilizing selection on egg size
in the euphausiid, Thysanoedda raschii (M. Sars 1864) (Euphausiacea) in
the Barents Sea. Crustaceana, 77(3), 265-275.
96

Wadsworth, P., Wilson, A.E., & Walton, W.C. (2019). A meta-analysis of growth
rate in diploid and triploid oysters. Aquaculture, 499(2019), 9-16.

97

